Action of autochthonous bacteria on the decay of enteric viruses in groundwater by Wall, Katrina Joy
i 
ACTION OF AUTOCHTHONOUS 
BACTERIA ON THE DECAY OF 
ENTERIC VIRUSES IN 
GROUNDWATER  
 
by 
Katrina Wall 
 
 
 
   ii 
 
 
 
This thesis is presented for the degree of Doctor of 
Philosophy  
Murdoch University 
2006 iii 
 
STATEMENT 
   iv 
 
ABSTRACT 
ACTION OF AUTOCHTHONOUS BACTERIA ON THE DECAY 
OF ENTERIC VIRUSES IN GROUNDWATER 
  
by Katrina Wall 
 
With global freshwater supplies under pressure, viable water reuse methods are being 
examined to assist in improving water supplies. Municipal effluent is an ideal source for water 
reclamation as it is consistent in quality and quantity. The health aspects of water reuse have 
been identified as an issue of concern, in particular the potential presence of enteric viruses. 
Managed Aquifer Recharge (MAR) is a method that can aid water reclamation by recharging 
water such as treated effluent into a suitable aquifer. Research into the removal of pathogenic 
contaminants by natural processes within aquifers, namely the action of autochthonous 
bacteria, has led to the consideration that MAR could be used to assist in the removal of 
microbial pathogens. Pathogens have been demonstrated to be removed during residence in 
groundwater, but the presence of active autochthonous groundwater bacteria are required for 
significant removal rates to occur.  
The aim of this research was to investigate the interaction between autochthonous 
groundwater bacteria (AGB) and the enteroviruses Poliovirus type 1, Coxsackievirus B3 and 
Adenovirus B41. It was established that these viruses decrease in number in the presence of  
  v 
AGB but the mechanisms causing this decrease are poorly understood. Experiments were 
designed to examine how the individual AGB caused decay of the viruses. 
In this study AGB were isolated and tested for their ability in increase the decay of 
the viruses. It was determined that 27 % (17/63) of the isolated AGB influenced viral decay. 
The AGB isolates varied in their influence with only 3 out of 17 isolates being able to cause 
of the decay of both poliovirus and coxsackievirus. Similar variations in decay were observed 
for adenovirus. Decay times for all three viruses varied amongst the AGB and between the 
viruses.  
Experiments were undertaken to characterise the mechanism causing the antiviral 
activity of four groundwater isolates (1G, 3A, 4B and 9G) under varying conditions and 
treatments to give insight into the compounds or mechanisms responsible for viral decay. 
This would indicate whether compounds produced by the AGB responsible for viral decay 
were closely associated  to bacterial cells  (perhaps membrane bound), independent of 
metabolic activity, heat labile or were enzymatic in nature.  
The influence of enzyme inhibiters and heat treatment indicated that viral 
degradation is caused by compounds that are enzymatic in nature. As viral numbers were 
monitored by nucleic acid copy numbers rather than via infectivity assays, the viral protein 
coats must be the first step in degradation followed by the removal of the viral nucleic acid. 
This two step process would require both protease and nuclease enzymes to result in loss of 
viral numbers as measured by RT-PCR/PCR. 
Further characterisation and identification of these four bacterial isolates was also 
carried out. Three out of the four isolates were sequenced and analysed using partial 16S 
rRNA gene sequences to determine their phylogenetic relationships compared to related   vi 
organisms. Isolate 3A was placed in the order Burkholderiales. Isolate 4B was placed in the 
family Xanthomonadaceae. Isolate 9G was placed in the family Rhizobiaceae. Isolate 1G was 
only partially sequenced and preliminary identification placed it in the phylum Bacteriodetes.  
Understanding of the processes carried out by AGB within an aquifer during MAR 
using reclaimed waters will aid in increasing the viability of this water reuse process. If 
important natural processes could be utilised to remediate any potential pathogens, the health 
concerns with reclaimed waters could be addressed and solved simply through prescribed 
retention times within the aquifer. Key species of AGB may even be utilised as markers to 
assess the suitability of an aquifer for MAR.   
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Chapter 1 
INTRODUCTION 
 
1.1   Introduction 
 
The use of Managed Aquifer Recharge (MAR) to recharge water to groundwater for 
water reclamation is becoming increasingly important in areas where water supplies are of 
concern. Australia is a dry continent, and with finite rainfall and an ever-increasing urban 
population, water reclamation is an option that is gaining attention. Cities such as Perth, 
Western Australia are facing extreme pressure on existing surface and groundwater supplies 
and more efficient and sustainable use of water is needed. The use of MAR is one such 
method towards achieving sustainability. 
One of the concerns involved with water reclamation is the potential presence of 
enteric pathogens (Asano and Levine, 1996). Of particular concern is the presence of enteric 
viruses because of their high infectivity and the low dose required for infection. Viruses can 
also be relatively stable in the environment and may be resistant to some water treatment 
methods (Asano and Levine, 1996). Any potential disease outbreak that could be attributed 
to reclaimed waters would result in a loss of public confidence and acceptance and may 
substantially retard the progress of water reclamation in Australia.     2 
 
1.2   Groundwater 
1.2.1 What is Groundwater? 
 
Groundwater exists below the surface of the ground within the pores of sedimentary 
material. From the surface to the water table, water and air are present amongst pore spaces. 
This is known as the vadose or unsaturated zone. The watertable is the uppermost surface of 
the groundwater. Groundwater is found in the saturated zone where pore spaces amongst 
sediments such as sand, soil and gravel contain water at a pressure greater than atmospheric, 
with no air pockets. Groundwater can exist in several types of aquifers. An aquifer is simply 
an area below ground of permeable material such as sand, soil or gravel that can store 
groundwater. Aquifers can be unconfined, confined, perched or fractured rock. An 
unconfined aquifer contains groundwater that has contact with the atmosphere, i.e., the air 
present in the unsaturated zone, whereas a confined aquifer is bound above and below by a 
confining bed. A confining bed has a hydraulic conductivity lower than the material within 
the aquifer, therefore retarding groundwater flow. Confining layers can be areas that prevent 
vertical flow, and aquifuge, or areas that retard flow, a ‘leaky’ confining layer known as an 
aquitard. A perched aquifer is found in the unsaturated zone where a confining layer prevents 
further infiltration of water in a particular area, creating a lens of groundwater. A fractured 
rock aquifer can be found in areas of metamorphic rock such as shale and slate, and igneous 
rock such as granite and basalt. These materials have low porosity but are able to transmit 
groundwater due to secondary porosity (fractures and areas of dissolution) (Centre for 
Groundwater Studies, 2003).  
3 
1.2.2 The Groundwater Environment 
 
Groundwater below the Swan Coastal Plain, Perth, Western Australia makes up the 
Perth Basin. The Perth Basin is a sedimentary groundwater basin comprising three major 
aquifers, the superficial formations overlying the Leederville and Parmelia Formations, and 
the Yarragadee Formation. The superficial aquifer, closest to the surface is an unconfined 
aquifer made up of Quaternary and early Tertiary sediments such as quartz sand, calcareous 
sands and limestone. The principle formations are the Yoganup Formation, Ascot 
Limestone, Bassendean Sand and Tamala Limestone. Groundwater levels can vary across the 
Swan Coastal Plain from just below the surface (in central and southern areas) to up to 60 
metres under Tamala Limestone dunes along the coast. The maximum depth of groundwater 
is 70 metres on the Gnangara Mound, in the northern metropolitan area. The watertable 
fluctuates seasonally from 3 to 0.5 metres. The Superficial aquifer has a velocity of up to 100 
metres per year and an annual recharge volume of approximately 340 Gigalitres per year 
(Department of Environment, 2003a). Salinity varies throughout the superficial aquifer and is 
freshest in the Gnangara Mound and increases downstream of lakes and wetlands. Water is 
hypersaline beneath coastal lakes from Mandurah to Bunbury (Aquaculture Council of WA, 
no date). Oxygen levels would vary depending on depth and contact with unsaturated layers. 
Redox potential decreases with depth from aerobic through to methanogenic conditions.  
Underlying the Superficial aquifer is the Cretaceous Leederville Formation 
comprising interbedded sand and shale. The top of the aquifer is taken as the base of the 
Osborne Formation (a confining bed of shale) up to 200 metres below ground. The 
Leederville Formation is mostly confined and is artesian on low lying western areas of the 
Swan Coastal Plain (Aquaculture Council of WA, no date). It is generally fresh, but some   4 
 
areas have been found to be brackish and it is recharged from the Gnangara mound, where 
the Osborne Formation is not present, and near the Darling Fault. The Leederville 
Formation can be up to 500 metres thick (Department of Environment, 2003b). 
Below the Leederville Formation is the Jurassic aged Yarragadee Formation 
comprising sandstone and interbedded shale and siltstone (Aquaculture Council of WA, no 
date). It is confined over most of the Metropolitan Region by the South Perth Shale which 
forms the lower confining bed of the Leederville Formation. The Yarragadee Formation can 
be up to 1000 metres below ground and is thought to be up to 2000 metres thick 
(Department of Environment, 2003b). The Yarragadee has an estimated storage capacity of 
450 000 Gigalitres and water is thought to be up to 40 000 years old (the time taken for water 
to flow from the Darling Fault to the discharge point, many kilometres offshore) (Water 
Corporation, 2003a). Like the Leederville Formation, the Yarragadee is recharged below the 
Gnangara Mound where the South Perth Shale is absent, and also near the Darling Fault 
where is comes to the surface at Hill River (Aquaculture Council of WA, no date).  
1.3   Autochthonous Groundwater Microorganisms 
 
Autochthonous microorganisms are those that reside naturally in an ecosystem. 
Autochthonous groundwater microorganisms have evolved to the groundwater environment 
and are highly adapted to the individual conditions of the aquifer in which they reside. 
Activity of groundwater bacteria can be limited by low availability of nutrients and energy, 
however, the introduction of foreign compounds such as microorganisms and chemicals can 
stimulate activity. Many groundwater bacteria have the ability to degrade various natural and 
xenobiotic compounds that may reach the aquifer. In these cases metabolic activity, including  
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the production of extracellular enzymes and compounds, can be spontaneously enhanced or 
stimulated on contact with introduced compounds (Gounot, 1994). Autochthonous 
groundwater microorganisms have the ability to exploit any potential sources of nutrients 
and energy that may come their way.  
1.3.1 Diversity 
 
The microbial diversity of groundwater environments are perhaps the most poorly 
studied ecosystems on the planet. Whereas microbial diversity of surface aquatic 
environments have been studied since the advent of microbiology, groundwater 
environments were ignored as they were thought to be sterile (Gounot, 1994). Groundwater 
also posed problems due to the difficulty of aseptic sampling. Early studies focused on the 
presence of introduced microorganisms into ‘sterile’ subsurface environments via waste 
disposal practices and drilling for oil, and no thought was given initially to the presence of 
autochthonous microbes. From the 1970’s onwards, attention was drawn to the subsurface 
due to the investigation of microbes that played important roles in the degradation of 
potential pollutants, as well as microbial diversity (Chapelle, 2001).  Table 1.1 shows the 
major functional groups that may be present in groundwater systems. 
Table 1.1: Examples of Bacterial functional groups found in groundwater systems. 
 
Functional Group  Group  Genera 
Heterotrophs  
(carbon and energy 
derived from organic 
matter) 
Aerobes   Pseudomonas, Spirochaeta, 
Leptospiraceae, Spirosomaceae, Runella, 
Microcylus, Acinetobacter, 
Xanthobacter, Thermus, 
Flavobacterium, Alcaligenes, Bacillus, 
Arthrobacter, Brevibacterium 
Microaerophillic  Spirillum, Rhodopirillum, Thiocapsa, 
Thiospirillum, Thiocystis, 
Ammonia Oxidisers  Nitrobacter, Nitrosomonas, Azomonas 
Nitrate Oxidisers  Azotobacter, Xanthobacter   6 
 
Functional Group  Group  Genera 
Ferrous Oxidisers  Siderocapsa, Naumanniella 
Methane, methanol, formaldehyde 
oxidiser 
Methylococcus, Microcylus 
Manganous-Manganese Oxidising 
Mixotrophs 
Siderocapsa, Naumanniella 
  Facultative Anaerobes  Chromobacterium, Vibrionaceae, 
Staphylococcus, Streptococcus, Bacillus 
Chemolithoautotrophs 
(carbon and energy 
from CO2 and 
oxidation of inorganic 
matter) 
Fermenters   Staphylococcus, Streptococcus 
Escherichia, Shigella, Salmonella, 
Klebsiella, Enterobacter, Clostridium, 
Chromobacterium, Bacteroides, 
Acetobacterium, 
Nitrate Reducers  Pseudomonas, Bacillus 
Ferric Iron Reducers  Thiobacillus, Gallionella 
Sulphate and Sulphur Reducers  Desulfovibrio, Desulfotomaculum, 
Thiobacillus, Desulfuromonas, 
Desulfobacter, Desulfobulbus, 
Chromotium, Thiocystis, Thiospirillum, 
Thiocapsa, Chlorobium, Thiobacterium, 
Thermothrix 
Methanogens  Methanobacterium, 
Acetogens  Clostridium, Moorella, Eubacterium 
Archaea    Sulphlobus, Methanococcus 
Adapted from Krieg (1984); Sneath et al. (1986); Staley et al. (1989); Balkwill et al. (1997); 
Ehrlich (1998); Chapelle (2001); Drake et al. (2002); Todar (2004) 
 
Several studies have investigated the microbial ecology of aquifer systems and 
subsurface sediments to determine the total diversity of autochthonous groundwater 
microbes present. Studies investigated both water and sediment samples, as many more 
autochthonous groundwater microorganisms are associated with sediment particles than free 
living in water, therefore water sampling alone can not gauge the true diversity of aquifer 
systems (Gounot, 1994). Wilson et al. (1983) investigated sediments from a pristine, shallow 
water table aquifer. They determined that Gram-positive cocci predominated and there was 
no difference in numbers with depth using the acridine orange direct count (AODC) 
technique. They also found that isolated bacteria were smaller than those found in nutrient 
rich environments, which is an adaptation to low nutrient environment. Balkwill and Ghiorse 
(1985) investigated sediments from shallow, oligotrophic aquifers in Oklahoma that were free  
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from organic pollutants. Sampling was undertaken in the unsaturated, saturated, and interface 
zones, and also from the upper surface of the water table, also using the AODC technique to 
determine total numbers and morphology by light microscopy. Arthrobacter-like organisms 
(Gram positive coccoid rods, 0.4 to 0.9µm in diameter) comprised 85-90% of bacteria 
isolated and other common strains isolated were non-fluorescent Pseudomonas, Brevibacterium 
and Chromobacterium. Primarily short rods and coccoid cells were found singly or in clusters, 
but larger microcolonies were rarely seen in the unsaturated zone, probably due to limiting 
water and nutrients. Plate counts were consistently higher on nutritionally deficient media 
indicating an adaptation to the oligotrophic conditions in the groundwater sampled. 
Transmission electron microscopy also showed microbial cells were commonly surrounded 
by large amounts of abiotic debris, most likely clay particles. Fifty percent of bacteria were 
observed to possess cytoplasmic elaborations, possibly an adaptation to increase surface area 
for nutrient uptake.  
Stetzenbach et al. (1986) studied deep wells of potable water in Arizona and isolated 
514 organisms using R2A agar. The most commonly isolated organisms were Gram-negative 
rods within a limited number of genera. The most common genera isolated were Acinetobacter 
and other common isolates included an unidentified pigmented organism, Moraxella, 
Flavobacterium, Pseudomonas and Alcaligenes. Approximately 10% of isolates, however, did not 
survive subculturing. Kölbel-Boelke et al. (1988a) isolated 246 isolates of heterotrophic and 
oligotrophic bacteria from subsurface sediment and water using modified P-agar. An 
associated in-depth study by Kölbel-Boelke et al. (1988b) investigated water and sediment 
from a pleistocene sand aquifer in the Lower Rhine Region using the same method. Samples 
were taken from 8 areas and 2700 isolates were found in 60 samples. The 8 areas sampled 
were found to be very diversely structured and very different to one another. Gram negative   8 
 
microorganisms made up 71.6% of all isolates and 52.2% were Gram negative straight rods, 
with a low proportion of Gram positive bacteria isolated. Genera found included Micrococcus, 
Achromobacter, Flavobacterium, Cytophaga, Notocardia, and other unidentified bacteria. This study 
also found gliding, filamentous Cytophaga,  Caulobacter  and  Bacillus. More than half of the 
isolates showed movement by flagella. Follow up studies in Germany showed strong 
physiological diversity and isolated Microcyclus, Prosthecomicrobium, Caulobacter, Hyphomicrobium, 
Planctomyces,  Gallionella,  Agrobacterium,  Clostridium  and  Nocardia. The proportions of Gram 
negative bacteria were 3 to 7 fold higher in sediments than in water, characterised by mainly 
Arthrobacter-like organisms. Sediments also contained higher proportions of pigmented forms. 
Groundwater samples returned higher proportion of Gram negative straight and curved 
rods, and higher proportions of motile bacteria. Great differences in community structure 
were shown as little as 5 metres apart.  Great diversity was also shown with depth, 
contradicting other studies that showed no difference in community structure with depth.  
Jiménez (1990) investigated deep sediment samples from South Carolina to 
determine microbial community composition and DNA  structure using total DNA 
hybridisation and moles percent G + C. Methanogens, nitrate reducers and heterotrophic 
bacteria were found across the geological profile. Pseudomonas comprised 40% of bacteria 
found and Acinetobacter comprised 25%. Moraxella phenylpyruvica and M. lacunata were also 
isolated. Seventy percent of bacterial isolates related to the families Pseudomonadaceae and 
Neisseriaceae. Gounot (1994) suggested that diversity does not decrease with depth and that 
Gram negative bacteria predominate  in sandy horizons and Gram positive bacteria 
predominate in silty clay layers. Banning (1997) assessed the microbial diversity of the Perth 
Coastal Plain inside and out of a contaminated hydrocarbon plume using phenotypic 
characterisation from anaerobic media, 16S rRNA sequences and restriction endonuclease  
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analysis. In situ hybridisation was used for direct enumeration. Bacteria only differed from 
inside and out of the plume. Pseudomonas and Alcaligenes were the most common nitrate 
reducing bacteria and 7 nitrate reducing strains were isolated. It was found that 96% of 
microbial biomass was attached to sediments. 
 
1.3.2 Methods of Isolation, Characterisation and Enumeration 
1.3.2.1 Isolation 
 
Nutritional requirements of bacteria vary greatly and often reflect the environment  
from which they are isolated. Therefore knowledge of the natural habitat is useful in deciding 
on an appropriate medium for isolation. Media can be used to grow and select specific 
microorganisms and also to help identify an individual  species from amongst other 
microorganisms. Media can be simple, complex, selective and differential depending on the 
bacteria to be cultured. Selective media such as MacConkey agar, for the isolation of E. coli 
and other faecal coliforms, can be used to favour the growth of a particular type or species of 
microorganism with the addition of compounds that inhibit the growth of other types of 
microorganisms while not affecting the growth of the target organism. Differential media can 
be used to differentiate  between groups of microorganisms and even provide tentative 
identification of species, such as blood agar for the identification of haemolytic bacteria such 
as Staphylococci (Prescott et al., 1996).   
The isolation of groundwater bacteria by culture methods  involves the use of 
specifically designed media. R2A agar is a simple non-selective, low nutrient media designed 
specifically for the culture of heterotrophic bacteria from water (Atlas, 1993). Selective media   10 
 
can also be used to isolate specific groundwater bacteria, such as Pseudomonas sp. utilising 
compounds required for their growth while also incorporating compounds that inhibit the 
growth of other groundwater bacteria.  
 
1.3.2.2 Characterisation 
 
Traditional methods of characterisation involve the investigation of pure cultures of 
groundwater bacteria using light microscopy. Groundwater bacteria must first be cultured, 
isolated and purified using the appropriated media. Pure cultures can be assessed for colony 
morphology. The Gram stain is one of the  most important and widely used tools for 
characterising bacteria. This stain relies on the differentiation of bacteria in regards to their 
cell wall structure. A crystal violet and iodine complex stain is used to denote the presence of 
a large peptidoglycan cell wall, and stains the bacteria a blue colour when observed under a 
microscope. This stain is washed with acetone and counter stained with a red pigment. Gram 
positive bacteria retain the blue stain in their thick cell walls, whereas Gram negative bacteria 
do not retain the blue colour and hence appear red from the counter stain under a light 
microscope (Prescott et al., 1996). When observing Gram stains, the morphology of the 
bacteria can also be assessed. Bacteria are present as rods or bacilli, cocci, or coryneform 
(variable shape). Differential stains are also used to stain for flagella and spores. The spores 
of Bacillus and Clostridium can be stained with heating as they generally resist staining. Heat 
fixed smears can be stained with malachite green and safranin resulting in green spores within 
red cells (APHA, 1998).  
Biochemical tests are also employed to determine metabolic differences between 
bacteria and are a tool to classify bacteria into genera and species. These are generally simple  
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tests  designed to indicate the presence or absence of a group of enzymes or a whole 
metabolic pathway (APHA, 1998). For example, the oxidase activity test determines whether 
an oxidase enzyme is produced, a feature of almost all aerobic and facultative anaerobic 
organisms, with the conversion of the indicator from colourless to purple. The catalase test 
determines the ability to aerobically break down sugars resulting in hydrogen peroxide (H2O2) 
as a by-product. Organisms that posses the catalase enzyme have the ability to break down 
H2O2, which is toxic, into water and oxygen. When H2O2 is added, bubbles of oxygen are 
liberated if the catalase enzyme is present (APHA, 1998). Biochemical tests may however not 
be 100% reliable for species identification as there are always strains that lack a characteristic 
of the species. Results may also vary with the age of the culture and the use of different 
media may also influence results. The API (analytical profile index) or BBL system of 
biochemical tests are standardised  micro-tests that allow for the identification of target 
groups such as the Enterobacteriaceae, Gram negative and Gram positive bacteria. Results of 
all tests are scored resulting in a number used to identify bacteria to at least the genus level 
(APHA, 1998).  
Molecular methods of characterisation are becoming increasingly important and 
useful in the characterisation of groundwater bacteria. As more and more groundwater 
bacteria are identified, there are many more that cannot be identified. Many of these lesser-
known bacteria cannot be cultured and therefore cannot be characterised by traditional 
methods. Molecular methods allow for the characterisation of many bacterial strains from 
groundwater without prior isolation and purification and can provide detailed molecular 
characteristics that allow for the classification of these bacteria. Molecular methods such as 
16S rRNA gene sequences, restriction endonuclease analysis, DNA hybridisation and moles 
percent G + C can provide accurate descriptions of both community structure and species.   12 
 
Analysis of fatty acid profiles can also be used as both a determinative tool and for 
characterising community structure.  
The use of 16S rRNA gene sequences as molecular markers has become a routine 
technique for microbial ecologists, providing an alternate method to phenotypic 
classification. Molecular markers are areas of genetic material, in this case on 16S rRNA, used 
as a marker of genetic variation within and among individuals and taxa (Tamarin, 1999). It is 
also an important tool for identifying bacteria from environmental samples without the need 
for traditional culture methods (Chèneby et al., 2000). Amplified rRNA can be coupled with 
restriction fragment length polymorphism along with sequencing to classify and identify 
isolates. The small ribosomal subunit (16S rRNA) common to all cells can be used to 
determine the relatedness of organisms (Service, 1997). As the 16S gene  sequences are 
common to all cells, groundwater bacteria that previously could not be cultured and 
identified can now be characterised and compared to known 16S gene sequences. Sequences 
can be submitted to online databases for phylogenetic analysis (Balkwill et al., 1997). 
Sequences of 16S rRNA genes can be compared visually by analysis with denaturing gradient 
gel electrophoresis (DGGE). DGGE involves the separation of different 16S rRNA 
fragments on a polyacrylamide gel into bands allowing for the comparison of different 
sample communities (Kozdrój and van Elsas, 2001). Restriction endonuclease analysis of 16S 
rRNA or genomic DNA can offer further characterisation of bacterial strains. Restriction 
endonuclease enzymes, such as HindIII and EcoRI can be used to digest DNA. Restriction 
fragments can be visualised by electrophoresis on agarose gel stained with a DNA specific 
stain such as ethidium bromide. Resulting restriction patterns can then be used to distinguish 
isolates into groups of relatedness (Balkwill et al., 1997).   
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DNA/DNA hybridisation can improve on the limited resolution that 16S rRNA 
gene sequences can provide (Schloter et al., 2000). DNA/DNA hybridisation is useful for 
determining sequence similarities and degrees of repetitiveness of DNA from the same or 
different sources (Tamarin, 1999). DNA is heated and cooled allowing double helices to 
reform at homologous regions and is therefore a useful tool in characterising bacteria without 
the need for culturing. To differentiate between species, the relatedness of DNA should be 
less than 60-70% (Schloter et al., 2000). Teamed with DNA/DNA hybridisation is the 
analysis of G (guanine) and C (cytosine) bases in DNA to characterise communities and 
species. The percent of G+C bases in different species varies due to variations in DNA 
composition and it can vary due to environmental changes such as pollution (Griffiths et al., 
1997). The %G+C composition can be determined by analysing the melt profiles of DNA 
and fitting a logistic equation to the curve (Clegg et al., 2000). Community %G+C profiles 
can also be analysed as the gradient of the resultant slope determines the similarity of the 
%G+C profiles present, i.e. the slope is steeper when there is more DNA with similar 
%G+C profiles. Pseudomonas aeruginosa, a member of a genus commonly found in water, has a 
%G+C profile of 67 mol% (Stanislavsky and Lam, 1997). 
Analysis of fatty acid profiles by mass spectrometry can offer detailed information on 
both community structure, but only for the characterisation of culturable bacterial isolates. A 
problem with fatty acid analysis is the lack of standardisation resulting in databases of results 
that can not be accurately compared. Many growth factors can influence the fatty acid 
composition of culturable bacteria, including growth medium, growth stage, incubation 
temperature and fatty acid isolation techniques (Gilarová et al., 1994). Fatty acid analysis can 
still provide useful information about single isolates and whole community profiles if carried 
out using the standard procedure of the reference database. Fatty acids are analysed using gas   14 
 
chromatography and mass spectrometry. Results are then analysed using cluster analysis to 
determine degrees of similarity. Identification of bacteria is possible down to species or strain 
level as fatty acid compositions retain integrity over generations (Pendergrass and Jensen, 
1997).  
 
1.3.2.3 Enumeration 
 
Culture methods for enumeration of groundwater populations can either directly 
determine cfu (colony forming units) per mL, or use the most probable number technique 
(MPN) to estimate numbers. Cfu are determined using the heterotrophic plate count 
technique (HPC) by spread plating 100µL of serial ten fold dilutions of the original sample 
onto a non-selective medium such as R2A. After incubation total cell counts can be 
determined by counting individual colonies or by membrane filtration and staining such as 
acridine orange or 4’, 6’-diamidino-2-phenylindole (DAPI) (Bach et al., 2002). The most 
probable number (MPN) technique is a widely used tool for estimating total bacterial 
populations. The technique involves carrying out several serial dilutions in a growth medium 
and incubating until adequate growth is achieved. Tubes showing growth (a positive result) 
are recorded. The number of positive tubes are used to estimate the number  of 
microorganisms in the sample with the highest probability, carried out using existing MPN 
tables or calculated mathematically (González, 1996). The use of published MPN tables 
requires adherence to strict experimental design to obtain accurate results. Several methods 
have been published for the production of general purpose programs for calculating MPN 
table, such as González (1996) and instructions for creating a program on Microsoft Excel® 
by Briones and Reichardt (1999). Traditional culture methods for enumeration may  
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underestimate total population numbers in groundwater due to the presence of bacteria that 
cannot be cultured.  
Staining cells with fluorescent dyes, such as acridine orange or DAPI, is one of the 
most common techniques for direct counting. Once stained, bacterial cells are collected on 
filters and counted with an epifluorescence microscope. Counts can also be carried out using 
transmission electron microscopy, enabling enumeration of both bacterial cells and virus 
particles that may be mistaken under an epifluorescence microscope for cocci (Fischer and 
Velimirov, 2000). King and Parker (1988) described a method for enumeration using the 
enzymatic dehydrogenation of 2-(ρ-iodophenyl)-3-ρ-(nitrophenyl)-5 phenyltetrazolium 
chloride (INT) as a variation to previous DAPI staining methods. Metabolically active cells 
containing dehydrogenases break down the tetrazolium substrate to form a water insoluble, 
pink, intracellular formazan. The DNA specific fluorochrome 4’, 6’-diamidino-2-
phenylindole (DAPI) was used as a stain to give optical contrast for a statistically accurate 
enumeration of total viable and metabolically active cells in groundwater. Cells containing the 
pink formazan fluoresce red and remaining cells fluoresce blue from the DAPI. This contrast 
is greater that using the traditional acridine orange stain where remaining cells would 
fluoresce orange, providing less of a contrast to the red formazan (King and Parker, 1988). 
This is an important method for the enumeration of groundwater bacteria given the 
proportion that cannot be cultured.  
As a quick alternative to more time consuming counting techniques such as 
fluorescent staining (AODC and DAPI) and heterotrophic plate counts (HPC), the total 
concentration of ATP in a water sample can be analysed. ATP from non-bacterial cells is 
separated from bacterial ATP and detected using a luminometer and compared to a standard. 
The relative light units per mL of sample detected are proportional to the amount of ATP   16 
 
present and that in turn is proportional to the number viable bacteria per mL (Deininger and 
Lee, 2001). Deininger and Lee (2001) compared this method to AODC, direct viable counts 
and HPC and found comparable results. This method is a rapid quantitative method of 
predicting heterotrophic plate counts (HPC) using ATP concentrations. The average bacterial 
cell contains approximately 10
-15 g of ATP, therefore the detection limit of 0.2pg correlates to 
approximately 200 bacterial cells. Unlike AODC, using ATP to determine HPC only detects 
living cells (Deininger and Lee, 2001). 
In situ hybridisation involves the use of labelled DNA probes to visualise specific 
sequences in situ, without the need for culturing, and is an important tool for gene mapping 
(Heng and Tsui, 1998). The DNA probes are applied after denaturing, to chromatin fibres or 
chromosomes at metaphase or interphase, and DNA-DNA hybridisation is allowed to take 
place (Heng and Tsui, 1998). Hybrids can then by detected using fluorescently labelled 
molecules or by amplification with antibodies. Alternatively, the DNA probes may be 
fluorescently labelled for direct visualisation without the need for signal amplification, in a 
technique called fluorescence in situ hybridisation (FISH) (Ekong and Wolfe, 1998). DNA 
probes can be designed to target whole chromosomes down to gene sequences of a few 
kilobases or less, and these can be used to give molecular descriptions of genome structure 
and comparative mapping between species (Ekong and Wolfe, 1998). The use of 16S rRNA 
gene  targeted oligonucleotide probes teamed with (FISH) is another variation on this 
important method for the enumeration of groundwater populations (Aoi et al., 2000).  
Quantitative PCR can not only be used for enumeration of a target species or group 
of organisms, it can also be used for enumeration of estimated total bacteria. Bach and 
colleagues (2002) used a range of designed oligonucleotide primers and probes that were 
specific for eubacterial 16S rRNA gene sequences and that could also distinguish between  
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bacterial, fungal, plant and animal rRNA gene sequences. Results were found to agree with 
plate counts and microscopic DAPI stained counts.  
1.4 Viruses in Groundwater  
1.4.1 Water Reclamation 
 
Water reclamation involves the recycling of treated effluent or storm water for reuse 
in place of scheme water. This practice has been occurring in regional areas of Western 
Australia for over 40 years due to restricted supplies. Over 60 regional sites reuse treated 
wastewater (effluent) for irrigation of fields, parks, school grounds and golf courses. Up to 40 
% of regional effluent is reused in this way and treated to stringent health regulations to meet 
standards appropriate for use (Water Corporation, 2003b). The population of the Perth and 
Peel (south of Perth) metropolitan areas was approximately 1.46 million in 2001, and this is 
expected to increase to 1.99 million by 2021 and have increased by 52 % to 2.22 million by 
2031 (Department of Planning and Infrastructure, 2004). Perth rainfall has been 12 to 15 % 
lower in the last 27 years, compared to the previous 75 years and dam storage has reduced by 
50 % in the last 25 years (Water Corporation, 2003b; Water Corporation, 2003c). By 2031, 
Perth is expected to require and extra 150 Gigalitres of water per year, therefore alternative 
sources must be sought (Water Corporation, 2003c).  At 2003, the Perth metropolitan area 
reused only 3 % of its effluent and 270 ML per day is discharged into the ocean via outfalls 
(Water Corporation, 2003b). The Kwinana Recycling Project aims to supply 5.5 GL of 
recycled water to the Kwinana Industrial Strip, who currently use 7.3 GL of scheme water 
per year, to take some pressure off Perth’s water supplies. The State Water Strategy has set a 
target of 20 % reuse by 2012, a step in the right direction for Perth’s struggling water supplies 
(Water Corporation, 2003b).   18 
 
With the increasing pressure on existing surface and groundwater supplies, and 
dwindling water levels, alternative sources of water need to be sought. As Perth’s population 
is expected to almost double by the year 2020 (Scatena and Williamson, 1999) the need for a 
sustainable, reliable and safe alternative water source is an ever-growing concern. The 
reclamation of treated municipal effluent, or wastewater, is one such important water source. 
Currently most of Perth’s treated effluent is piped directly out to sea and is a large wasted 
resource. However, the reclamation of treated effluent is faced with many major challenges 
before large-scale reclamation schemes can be introduced. Challenges include financial 
attractiveness, social acceptance and public health concerns. The current low cost of scheme 
water is an economic hurdle to implementing water reclamation, as it may initially require a 
greater financial input and therefore may not be viewed upon favourably, especially by small 
business such as horticulture that are reliant upon water. Social acceptance of reusing treated 
effluent is also a major hurdle. Any negative experiences with reclamation programs, such as 
disease outbreaks or negative publicity, can put public acceptance back years and even if 
water is treated to drinking water quality, many people may still not approve with the 
knowledge that it comes from sewage. One concern that also plays a role in public 
acceptance is the presence of disease causing microorganisms. The health aspects of water 
reclamation are perhaps the greatest concern behind effluent reclamation, as potential 
waterborne disease outbreaks need to be avoided at all costs. Waterborne disease outbreaks 
would most certainly destroy any public confidence in water reclamation schemes. The 
presence of enteric viruses is of concern given the low dose required for infection and their 
high infectivity. Some viruses are also highly resistant to many conventional water treatment 
techniques so care needs to be taken to remove or inactivate all potential human viruses. 
Recent studies on Managed Aquifer Recharge (MAR) have indicated that potential viral 
contaminants, as well as bacterial and protozoan contaminants, are inactivated under natural  
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groundwater conditions (Toze and Hanna, 2002; Toze et al., 2002; Toze et al., 2004; Wall et 
al., 2004). This results in the production of safe water that can be reclaimed after a certain 
time period and used for various non-potable uses. Results indicate that pathogen decay is 
only attained in the presence of autochthonous groundwater microorganisms (Wall, 2001; 
Gordon et al., 2002; Gordon and Toze, 2003; Wall et al., 2004).  
 
1.4.2 Aquifer Storage and Recovery (ASR) 
 
Aquifer Storage and Recovery (ASR) is a method of MAR involving the direct 
injection of treated effluent into a suitable aquifer. Water can be stored in this manner during 
wetter periods and can later be recovered for use during dry periods. The well for injection 
and recovery involves the use of a dual-purpose pump that can overcome some problems 
associated with plugging of injection wells as it can be periodically redeveloped for 
unclogging by pumping. The dual purpose well is also of economic importance as no further 
facilities are required for water recovery (Pyne, 1995). Storage zone characteristics of the 
aquifer are important, as a 100% recovery efficiency would be desired. Storage zone 
characteristics such as high transmissivity, poor water quality, inadequately confined areas, 
and zones with substantial groundwater velocity are all characteristics that may result in 
variations to the amount of injected water recovered. Suitable storage zones may be present 
in confined, semi-confined and unconfined (water table) aquifers. All suitable storage zones 
require initial hydrological and geochemical analysis to determine feasibility, especially for 
unconfined aquifers where groundwater velocity if often higher, there is the potential for a 
build up of mounds resulting in loss of stored water, and overlying land uses may impact the 
resultant water quality (Pyne, 1995). The soil of a suitable aquifer has a great potential to   20 
 
remove many biological and chemical contaminants, especially the vadose (unsaturated) 
zone, which plays an important role in removing potential contaminants as the water enters 
the aquifer. The behaviour and fate of microorganisms and chemical contaminants in the 
groundwater will affect their concentrations in recovered water. Therefore this is an 
important area of consideration when choosing a suitable aquifer for ASR. In many cases, the 
objective of ASR is the improvement in quality of the injected water (National Research 
Council, 1994).   
 
1.4.3 Concerns with Reclaimed Water 
 
The quality of source waters, i.e. municipal effluent or stormwater runoff, has a direct 
influence on the operation of recharge plants and the resultant uses of recovered waters. 
Municipal effluent is the most consistent both spatially and temporally in terms of quality and 
quantity when compared to stormwater and agricultural/industrial runoff, therefore it could 
be an ideal source for water reclamation. Possible constituents of concern include organic 
compounds, nutrients such as phosphorus and nitrogen, suspended solids, and pathogenic 
microorganisms. Municipal effluent has been extensively studied and with treatment it is 
acceptable for various recharge applications (National Research Council, 1994). The major 
concern with non-potable reclamation involves the potential presence of pathogens. They are 
of concern where humans may be exposed to recovered waters by contact, inhalation or 
ingestion. The majority of viruses are excreted in the faecal matter of infected individuals, 
potentially contaminating municipal wastewater. Water borne viruses cause a variety of 
diseases ranging from mild gastroenteritis to severe hepatitis, and meningitis. Enteric viruses  
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that can occur in water are shown in the table below, including the diseases and resulting 
symptoms. 
 
 Table 1.2: Enteric viruses potentially present in freshwater. 
ENTEROVIRUS   DISEASE / SYMPTOMS 
Poliovirus  Poliomyelitis, fever, headache, vomiting 
Rotavirus  Gastroenteritis  
Norwalk  Acute vomiting, diarrhoea, headache, myalgia 
Calicivirus  Diarrhoea  
Astrovirus  Diarrhoea 
Hepatitis A & E  Self limiting infectious hepatitis 
Coxsackie A  Herpangina, aseptic meningitis, respiratory illness 
Coxsackie B  Fever, paralysis, respiratory, heart and kidney disease 
Echovirus  Fever, gastroenteritis, heart disease, respiratory illness, aseptic 
meningitis 
Adenovirus  Gastroenteritis 
Parvovirus  Gastroenteritis 
Reovirus  Not known 
Corona  Gastroenteritis  
(Adapted from Prescott et al. 1996; National Research Council, 1998) 
 
Public health protection can be achieved by reducing the concentration of pathogens 
before or after ASR and through limiting public contact with recovered waters (National 
Research Council, 1994). As emerging research has shown, the time that injected water 
remains within an aquifer is beneficial to the quality of recovered waters. Processes within 
aquifers, especially involving autochthonous groundwater microorganisms are especially 
important and can result in the removal of potential pathogenic contaminants.   
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1.5 Interactions of Enteric Viruses and Autochthonous Groundwater 
Microorganisms 
 
The groundwater environment is highly diverse and many specialised 
microorganisms can be found as detailed previously in section 1.3.1 on diversity. Many 
groundwater bacteria have been isolated and characterised, while many hundreds more 
remain unidentified, either due to the inability to culture or by lack of study (Service, 1997). 
Only 1 % of bacteria can be cultured and new molecular methods of bacterial enumeration 
have shown larger numbers than culture methods (Service, 1997). Groundwater 
microorganisms in general are highly adapted to the groundwater environment and are 
capable of utilising any available substrate, be it pesticides, naturally occurring nutrients, or 
even introduced pathogens. Previous work has shown that the presence of autochthonous 
groundwater microorganisms is essential for the decay of the enteroviruses, poliovirus type 1 
and coxsackievirus B3 and also for the reduction of the indicators Escherichia coli  and 
bacteriophage MS2 numbers in groundwater (Wall, 2001; Gordon, 2001; Gordon et al., 2002; 
Gordon and Toze, 2003; Wall et al., 2004). Decay of viruses was measured by quantitative 
PCR to determine the copy number present. Decay was not a measure of infectivity as can be 
assed via plaque assays, and was simply a measure of the presence of viral nucleic acid. 
Indicator organisms such as E. coli and the bacteriophage MS2 are well studied organisms 
used to predict the behaviour of pathogens. These organisms are present in the environment 
and their detection can indicate the potential presence of pathogens that may be more 
difficult to quantify (Prescott et al., 1996).   
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Many other published studies have also alluded to the influence of autochthonous 
groundwater microorganisms on the decay of enteric viruses (Hendel et al., 2001; Walter et al., 
1995; Yates et al., 1990; Jansons et al., 1989; Kutz and Gerba, 1988; Hurst, 1988; Ward et al., 
1986; Keswick and Gerba, 1980; O’Brien and Newman, 1977; Cliver and Herrmann, 1972). 
The mechanism of the observed influence of groundwater microorganisms on the decay of 
enteric viruses and bacteria has not been studied in depth. The little work that has been done 
suggests the presence of compounds that may be responsible for the loss of viral numbers 
(Ward et al., 1986; Cliver and Herrmann, 1972). Work in this area suggested the presence of 
compounds produced by autochthonous groundwater microorganisms that were capable of 
causing loss of viral numbers as measured by quantitative RT-PCR (Wall, 2001). The 
mechanisms differed between poliovirus type 1 and coxsackievirus B3, with a compound or 
compounds capable of passing through an approximate 250,000 molecular weight cut off 
membrane filter responsible for poliovirus decay. Decay of coxsackievirus was observed only 
in direct contact with groundwater microorganisms. These results suggested the presence of 
more than one compound, produced by autochthonous groundwater microorganisms that 
are capable of causing enteric viral decay.  
 If the autochthonous groundwater microorganisms able to produce virucidal 
compounds   could be isolated, their influence on the enteric viruses poliovirus type 1 and 
coxsackievirus B3 could be assessed and tested against other enteric viruses, and also 
bacterial and protozoan pathogens. Any groundwater microorganisms showing activity 
against a range of enteric pathogens could then be characterised and any antagonistic 
compounds produced could be isolated and characterised. If extracellular or membrane 
associated compounds could be isolated and purified, they could be used as a marker or used 
as a ‘bio-control’ agent to increase the viability of water reclamation involving groundwater   24 
 
by reducing the health concerns associated with the potential introduction of enteric 
pathogens into groundwater sources. 
1.6   Possible Mechanisms for Interactions of Enteric Viruses and 
Autochthonous Groundwater Microorganisms 
1.6.1  Antagonistic Compounds 
 
Much work has been carried out on antagonistic compounds responsible for the 
inactivation of pathogenic bacterial strains, leading to the discovery of many classes of 
antibiotic compounds. The search for comparable compounds responsible for the 
inactivation of viruses is an emerging area of research. Many studies have looked at 
traditional medicinal plants for potential virucidal compounds, as well as biofilms and 
concentrated bacterial cultures in activated sludge (Knowlton and Ward, 1987; Ahmad et al., 
1996; Li et al., 1998; Burgess et al., 1999; Piraino and Brandt 1999). Less work has been 
carried out into the potential of individual bacteria to produce such compounds.  
 
1.6.2 Antagonistic Compounds from Plants and Fungi 
 
There are many plant and fungi-associated substances that exhibit inhibitory effects 
on viruses by preventing replication or by neutralising virus infectivity. Plants and plant 
derived compounds such as Geranium sanguineum, pine cone antitumor substance, Chlorella 
vulgaris, Ulex europaeus, lectins, Conovalia ensiformis and Opuntia streptacantha have all been shown 
to contain virucidal activity (Ahmad et al., 1996). Ahmad and colleagues (1996) investigated 
the traditionally used medicinal cactus Opuntia streptacantha for virucidal activity and aimed to  
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determine the nature of the compound. The virucidal agent was found to be a protein and it 
showed efficacy against both DNA and RNA viruses by inhibiting replication and infectivity. 
El-Mekkawy et al. (1998) investigated the fruiting bodies of Ganoderma lucidum, a mushroom 
used in traditional Chinese and folk medicine and showed virucidal activity against HIV-1. 
They isolated several biologically active triterpenes and sterols with virucidal activity. Studies 
on another edible mushroom, Rozites caperata by Piraino and Brandt (1999) purified a 10 425 
Dalton protein with the ability to inhibit HSV types 1 and 2. This protein also possessed 
antiviral activity against several other viruses such as influenza A virus, but did not show 
activity against HIV, adenovirus or coxsackievirus. Hudson et al. (1999) investigated Korean 
seaweeds including Codium fragilus, Enteromorpha linza, Colpomenia bullosa, Scytosiphan lomentaria, 
Sargassum  sagamianum  and  Undaria pinnatifida. Various activities were shown against HSV, 
SINV (sindbis) and poliovirus and only C. fragilus showed activity against all. Many different 
compounds were shown to exist. Sindambiwe et al.  (1999) studied seven plants used 
traditionally in Rwanda and screened them for antimicrobial activity. All plants showed 
antiviral activity against several enveloped viruses but no activity was shown against the non-
enveloped viruses, poliovirus and coxsackievirus. Takahashi et al.  (2001)  investigated the 
seaweed Stevia rebaudiana and isolated a heterogeneous anionic polysaccharide of molecular 
weight 9800 that showed antiviral activity against human rotavirus. D’Cruz and Uckun (2001) 
isolated a 29kD protein from the pokeweed plant (Phytolacca americana) that showed broad-
spectrum antiviral activity against pathogenic viruses including HIV-1, HSV, 
cytomegalovirus, influenza virus and poliovirus by inhibiting replication. Of the many 
different plant investigated it is clear that there are many varieties of compounds that 
potentially posses virucidal activity and probably many more to be discovered. All 
compounds have different mechanisms by which they act upon viruses and compounds are   26 
 
derived from many different classes. Many of the plants with virucidal activity have been 
used for centuries in traditional medicines and food.  
 
1.6.4 Bacterial derived compounds 
 
Early work by Cliver and Herrmann (1972) investigated direct proteolytic or virolytic 
action of microorganisms on enteroviruses, as previously this had not been demonstrated. 
Pure cultures from activated sludge had been responsible for rapid inactivation of poliovirus 
under experimental conditions as a result of Flavobacterium, Klebsiella aerobacter and coliform 
strains, although this was thought to be mainly a result of adsorption and aggregation. The 
alga  Scenedesmus quadricauda  with a mixed bacterial culture had also been show to be 
responsible for a rapid inactivation of poliovirus, but once again this was attributed to 
adsorption and aggregation. Cliver and Herrmann tested Pseudomonas aeruginosa, Escherichia coli, 
Salmonella spp., Bacillus  spp., Proteus vulgaris,  Achromobacter mucosa and Clostridium perfringens. 
Antiviral activity was shown cultures of B. subtilis, P. aeruginosa, S. gallinarium and S. thompson, 
but further tests only gave firm evidence for B. subtilis, and P. aeruginosa. They thought that 
there was more than one cause responsible for inactivation and that it was not just a result of 
enzymatic proteolysis. Substances of less than 500 molecular weight were isolated, indicating 
that compounds other than enzymes may be involved. Results also suggested that virus 
proteins could be serving as a substrate for bacterial growth, but nucleic acid was not 
degraded sufficiently for phosphate utilisation. P. aeruginosa  is a typical member of the 
Pseudomonas genus and has been shown to excrete a number of extracellular compounds, or 
virulence factors, including possible antagonistic compounds to pathogens.  Secreted factors 
include  exotoxin A, exoenzyme S, a neutral protease, an alkaline phosphatase, elastase,  
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haemolysins, enterotoxin, collagenase, lecithinase and lipase (Stanislavsky and Lam, 1997). As 
P. aeruginosa is an opportunistic microbe, it is highly possible that this and other species of the 
same genus may secrete antagonistic compounds when they come across enteric pathogens 
in groundwater to utilise a new energy source in potentially low nutrient groundwater. 
Knowlton and Ward (1987) studied bacterial cultures in activated sludge to determine 
the influence on viruses including poliovirus type 1, coxsackievirus A3 and rotavirus SA-11. 
They found that the virucidal compounds they found could not be separated from 
microorganisms and therefore suggested that these compounds were either short lived and 
produced continually, or they are only active when in association with the microorganisms. 
No significant difference was shown between the virucidal activity of activated sludge and 
fresh water, suggesting that the activity they found may be due to proteolytic enzymes found 
naturally in water. Work on mixed cultures of bacteria and biofilm communities by Li et al. 
(1998) and Burgess et al.  (1999) have shown the presence of antagonistic compounds 
produced by bacteria. Li and colleagues  (1998) investigated Gram negative bacteria 
possessing membrane vesicles of the genera Citrobacter,  Enterobacter,  Escherichia,  Klebsiella, 
Morganella, Proteus, Salmonella and Shigella. These were found to have antimicrobial activity 
against both Gram positive and negative bacteria and P. aeruginosa was found to possess the 
most lytic activity. Nasser et al. (2002) investigated the microbial activity of saturated soil and 
found that coxsackievirus A9 and Hepatitis A virus were highly sensitive to extracellular 
enzymes of P. aeruginosa, whereas poliovirus type 1 and bacteriophage MS2 were insensitive. 
An early study by Yeager and O’Brien (1979) suggested that poliovirus inactivation in 
association with soil was the result of structural changes, including irreversible binding of 
viral capsids to soil particles, dissociation of viral capsids and genomes and damage to RNA 
virions. Viral RNA was recovered intact from sterile soil, whereas RNA was recovered in a   28 
 
degraded form from moist nonsterile soil. The presence of microbes in the soil was not 
investigated, nor were the reasons for the apparent inactivation of poliovirus in soil. 
Burgess et al. (1999) investigated marine epibiotic bacteria present on the surface of 
seaweeds and Echinoderms. The competition for space and nutrients is a powerful selective 
force in biofilm communities that leads to the evolution of strategies for colonising. Many 
bacteria that do not normally produce antimicrobial compounds do so when in the presence 
of other microorganisms. They found that the production of antimicrobial compounds was 
activated when bacteria adhered to organisms such as seaweeds and Echinoderms. It is highly 
likely that bacteria able to produce antagonistic compounds effective against other bacteria 
may also be able to produce virucidal compounds. Compounds active against bacteria may 
also have activity against viruses and other pathogen types. Studies suggest the production of 
proteolytic compounds among others that are short lived or closely associated with 
microorganisms potentially responsible for the inactivation of a range of human pathogens.  
 
1.6.5  Isolating and Purifying Antagonistic Compounds 
 
A prior knowledge of some of the characteristics of the compound in question is 
beneficial in designing suitable experimental procedures for isolation and purification. 
Previous studies into enterovirus inactivation in groundwater suggested the presence of both 
extracellular compounds and compounds either bound to, or closely associated with the 
membrane of autochthonous groundwater microorganisms (Wall et al., 2004). A high degree 
of purification of extracellular proteins can be obtained with the removal of host cells. 
Membrane bound proteins firstly require solubilisation of the host cells for purification 
(Harris, 1995). There are many methods for purifying proteins including chromatographic  
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and electrophoretic methods and once purification is obtained, the protein can then be 
characterised by such methods as amino acid analysis and peptide mapping. 
 
1.6.5.1 Extracting extracellular compounds 
 
The first step in the extraction of extracellular proteins is the removal of cells and 
other material that may interfere with further purification procedures. Processes such as 
centrifugation and microfiltration can be used to clarify suspension of target proteins. Care 
must be taken to avoid the lysis of cells that may introduce unwanted intracellular 
contaminants such as proteases (Harris, 1995). Clarification aims to remove all particulate 
matter such as cells, organelles, debris or particulate macromolecules (Whittington, 1995). 
Centrifugation, possibly followed by flocculation, and microfiltration are the two most 
common methods employed, and they may also be used in conjunction to increase efficiency. 
Centrifugation forces particles denser than the suspending liquid outwards, while particle less 
dense move inwards. This sediments particulate matter to the base of the centrifuge tube 
allowing the supernatant liquid, free of particulate matter, to be taken (Whittington, 1995). 
Flocculation may be carried out with centrifugation to ensure the greater removal of 
particulate matter. Any destabilised matter can be induced to come together to form large 
agglomerates. Bacteria and cell debris can maintain a dispersed state due to colloidal 
properties, therefore flocculation is an important step to facilitate clarification. Coagulation is 
induced by altering the chemical properties of the particles environment resulting in the 
reduction or reversal of electrostatic surface charges leading to the formation of floc 
(Whittington, 1995). Centrifugation following flocculation will aid in the greater removal of 
particulate matter.   30 
 
Microfiltration using semi-permeable membranes can further clarify supernatant 
liquid. Microfiltration membranes allow particle smaller than 0.02 - 10µm to pass, depending 
on the pore size selected, while blocking larger particles (Whittington, 1995). Microfiltration 
is generally used for the removal of cells and debris, for concentrating cell suspension when 
extracting membrane proteins, and for sterile filtration (Whittington, 1995). The efficiency of 
microfiltration can be reduced if pores become blocked, resulting in the blockage of target 
sized particles as well as larger debris.  
 
1.6.5.2 Solubilising membrane compounds 
 
The isolation of compounds associated closely or bound to the cell membrane 
cannot simply be separated from cells by mechanical means. Compounds must be separated 
from cells without disrupting their activity or denaturing. The initial step must involve to 
solubilisation of membrane proteins using detergents. Detergents need to be selected for 
compatibility with purification techniques and ease of removal from proteins once 
purification is obtained (Hjelmeland, 1990). Solubilisation is carried out within an appropriate 
buffer solution depending on the solubility and stability of the proteins being solubilised. 
Phosphate buffer is known to be especially efficient for increasing the total solubility of 
membrane proteins (Hjelmeland, 1990). Buffers include NaCl and protease inhibitors, and 
compounds such as urea and glycerol may also be added to increase efficiency. Proteases are 
especially important as the disruption of cell membranes may result in the release of 
proteases that may reduce the efficiency of isolation. Once proteins have been solubilised, 
the same techniques used to isolate extracellular compounds can be applied.   
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1.6.5.3 Purification techniques 
 
 Once the compounds in question have been isolated from bacteria and surrounding 
particulate matter, they must then be purified for further characterisation. The techniques 
used to purify proteins can be grouped into the general categories of chromatographic and 
electrophoretic techniques. 
1.6.5.3.1 Chromatographic techniques 
 
 Chromatographic techniques can be separated into purification by exploitation of 
structure, size or activity. Separation based on structure involves the exploitation of protein 
characteristics such as net charge or isoelectric point, polarity, or the ability to form 
complexes. Chromatographic techniques can be carried out in either open columns or by 
high performance liquid chromatography (HPLC). 
 Ion exchange chromatography (IEC) relies on the net charge of the protein in 
question. All proteins have a unique charge as a result of their individual amino acid 
constituents that is pH dependent. IEC involves two steps, the binding of the protein to 
fixed charge sorbents and elution of the protein. Proteins have an isoelectric point, the pH at 
which the molecule has no net charge, and this is exploited to separate different proteins. 
IEC uses a pH that is either higher for anion exchange or lower for cation exchange. A 
solution containing the protein is passed through a column containing substances such as 
agarose, cellulose, dextrans or polystyrenes. Exchange groups (acids) that have positive or 
negative charges are added to adjust columns to the desired pH. The protein in question will 
be adsorbed to the material in the column, while unwanted proteins are eluted. Once the 
solution is passed through the column, the bound protein is salted out. Salts are added in a   32 
 
gradient to change the pH of the column in order to elute the protein (Rossomando, 1990). 
The elution is monitored spectrophotometrically at 280nm as most proteins contain aromatic 
residues such as tyrosine or tryptophan that have maximum adsorption at approximately this 
wavelength (Dunn, 1995). All other chromatographic methods that separate proteins on the 
basis of structure follow this general procedure.  
 Chromatofocusing uses the same theory as IEC by separating proteins by their 
isoelectric point. The solution is added to columns in an elution or starting buffer at a pH 
lower than the isoelectric point, the pI. A buffer with a pH higher than the pI is than added 
to the column to elute the protein at its pI (Roe, 1995). Hydrophobic interaction 
chromatography relies on the polarity of the protein. Ionic buffers are used to bind the 
protein in the column. Elution can be achieved by reducing ionic strength of the column 
using isocratic or gradient elution, by increasing pH, by reducing temperature, and by 
displacement methods using aliphatic alcohols, aliphatic amines or detergents. All elution 
methods rely on increasing the hydrophilic nature of the protein (Roe, 1995). This technique 
is useful for purifying low molecular weight proteins. Metal chelate and covalent 
chromatography separate proteins on their ability to form complexes and covalent bonds. 
Metal chelate chromatography is useful for high molecular weight proteins and adsorption in 
the column is due to the formation of bonds with complex forming ions. Elution is achieved 
by lowering pH to destabilise the protein-metal complexes (Roe, 1995). Covalent 
chromatography is used for the isolation of thiol containing proteins using thiol-sulphate 
interactions that can be monitored using a spectrophotometer at 340nm (Roe, 1995).  
 Gel filtration chromatography separates proteins on the basis of size (molecular 
weight). Fragile proteins are not damaged by this technique, as binding is not required, 
although resolution is lower. This technique is not often used in early stages of purification  
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due to its low resolution, but it can be a very useful tool in final steps or for assessing the 
purity of the protein solution (Preneta, 1995). Solutions are passed through a column 
containing porous beads that can be selected based on their molecular weight range and cut 
off. Larger protein molecules will travel through the column at the most rapid pace, while 
smaller molecules within the molecular weight range of the pores, will pass through pore 
spaces and take longer to elute. The elution profile is monitored using a spectrophotometer 
at 280nm and can be related to the molecular weight of the protein by a partition coefficient 
and the use of appropriate standards (Stellwagen, 1990). Gel filtration could also be useful in 
separating non-protein compounds on the basis of molecular weight. 
 Separation based on activity is carried out by methods such as immunopurification, 
which is a powerful and very selective purification method. Purification of proteins is carried 
out using specific antibodies and is rarely used early in the purification procedure (Hill et al., 
1995). 
 High performance liquid chromatography (HPLC) is an advancement of previous 
chromatographic methods in both operation and fabrication. HPLC varies from soft gel 
systems in that sorbents have greater strength and size has been decreased 5 to 10 fold 
resulting in enhanced adsorption-desorption (elution) kinetics, and a reduction in band 
spreading, hence a more accurate result. HPLC is also operated at a much higher rate. High 
velocity column effluent can be monitored with high sensitivity spectrophotometers fitted 
with micro-flowthrough cells. HPLC is a rapid and automated versions of the previous 
slower chromatographic methods (Chicz and Regnier, 1990).   34 
 
1.6.5.3.2 Electrophoretic techniques 
 
Purification of proteins can also be obtained using electrophoretic analysis 
techniques. Proteins can be separated in this way on the basis of size, net charge and relative 
hydrophobicity. Electrophoresis can be carried out under native conditions, while the 
proteins retain tertiary structure, thus retaining any biological or enzymatic activity. Variations 
on this technique and less soluble proteins may require more vigorous denaturing conditions 
(Dunn, 1995). The most common method involves the use of polyacrylamide gel and the 
high resolution of this gel has made this technique a widely used and important tool for most 
applications (Dunn, 1995). Garfin  (1990) suggested that native polyacrylamide gel 
electrophoresis (PAGE) couldn’t distinguish between the effects of protein size, shape and 
net charge, as all proteins can travel in the same rate when in their natural configuration. 
Native PAGE is still important for characterising and separating protein mixtures. The 
addition of sodium dodecyl sulphate (SDS) imposes uniform hydrodynamic and charge 
characteristics on all the proteins in the sample. SDS acts by disrupting all non-covalent 
bonds so macromolecules unfold. Resulting polypeptide complexes then travel along the gel 
at a rate proportional to their molecular weight (Garfin, 1990). PAGE can be used to 
characterise protein purity, to monitor the progress of purification and for the identification 
of fractions containing the target protein. Purified proteins can then be further characterised 
using PAGE (Dunn, 1995).     
1.6.6 Characterisation 
 
 Once a purified protein has been obtained, knowledge of the proteins 
characteristics, such as size, shape and composition would be desirable. Further  
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characterisation can be carried out via many methods and the selection of methods would 
depend on what information was required and the compatibility of the protein and procedure 
(Laue and Rhodes, 1990). Many techniques are best when used in conjunction with others, 
such as SDS-PAGE. The determination of protein size, molecular weight and the presence 
of subunits can be analysed by three types of analyses; chemical, transport under force and 
the scattering of light. Chemical analysis by methods such as composition analysis by dry 
weight, or the effect of the protein on properties of a solvent, are very sensitive to protein 
purity and can only give the minimum molecular weight (Laue and Rhodes, 1990). Laue and 
Rhodes (1990) suggested that the transport of molecules in response to an applied force such 
as electrical, centrifugal or mechanical by sedimentation equilibrium is the most accurate 
method for determination of native molecular weight. Transport in an electrical current can 
determine the presence of subunits with the combination of two electrophoretic methods. 
Native PAGE can be carried out in conjunction with SDS-PAGE, with native PAGE 
resulting in the presence of one protein band. SDS-PAGE would result in a separate band 
for each subunit present (Laue and Rhodes, 1990). The scattering of incident radiation, i.e. 
light, X-rays or neutrons, can also be used to characterise pure proteins. Electron microscopy 
can give detailed information on protein size and structure  and is especially useful for 
proteins that are not easily characterised by other methods (Laue and Rhodes, 1990). Amino 
acid analysis requires the dissociation of the protein into individual amino acids without 
degradation. There are many techniques for analysing the presence of amino acids and they 
may be used in conjunction due to different amino acid compatibilities. Techniques may be 
specific to one class of amino acids or they may identify all but a few. Automated amino acid 
sequencers are also available (Ozols, 1990).     36 
 
1.7   Objectives of Study  
1.7.1 Conclusions 
Autochthonous groundwater bacteria are highly diverse comprising of many families. 
The variety and number of groundwater bacteria known today is only limited by limitations 
in current techniques available for isolation, characterisation and enumeration. With the 
limitations of culture methods, molecular techniques are becoming increasingly important 
especially due to the number of groundwater bacteria that cannot be cultured using standard 
culturing methods. Molecular techniques have detected many more groundwater bacteria 
than were thought to exist (Service, 1997). Traditional culture methods are still important and 
there are also many unidentified groundwater bacteria that can still be cultured. The great 
biodiversity present in groundwater and the ability of identified groundwater bacteria to 
utilise almost any substrate as a nutrient source indicates that there may be numbers of 
autochthonous bacteria capable of utilising introduced enteric pathogens as a nutrient source. 
Many studies have suggested that groundwater microorganisms play an important role in the 
decay of pathogens in groundwater and studies have also suggested the role of extracellular 
or membrane associated compounds. If these compounds could be isolated, they could 
become important in the remediation of contaminated groundwater and for water 
reclamation applications.  
The isolation and purification of antagonistic compounds from autochthonous 
groundwater bacteria could be achieved using tried and tested techniques for isolating and 
purifying proteins. As the compounds of interest are unknown, generalised techniques would 
be required to narrow down active compounds from other proteins produced by bacteria. 
General protein isolation techniques could also be useful for isolating non-protein 
compounds if required.   
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1.7.2 Aims 
The research presented in this thesis was intended to address water quality of 
groundwater resources contaminated by enteric viral pathogens. Particular reference was 
made on the possible application for the reclamation of treated effluent for managed aquifer 
recharge (MAR) and aquifer storage and recovery (ASR). The potential introduction of 
enteric viruses into groundwater from intensive rural industries, septic tanks and ASR is a 
major issue. It is known that autochthonous groundwater microorganisms play a significant 
role in the decay of enteric pathogens (Wall, 2001; Gordon et al., 2002, Gordon and Toze, 
2003; Wall et al., 2004). A better understanding of the mode of action of the groundwater 
microorganisms may lead to a better understanding of the potential risk of enteric pathogens 
introduced into groundwater, and potentially assisting in improving the quality of agricultural 
and municipal effluent for reclamation.  
The objectives of this study were to screen, isolate and characterise autochthonous 
groundwater bacteria capable of pathogen decay. Individual groundwater bacteria were 
screened against viruses to determine whether any show the ability to increase background 
decay. Those that showed activity were investigated further. Investigations of the mode of 
actions these groundwater microorganisms have on the decay rate of various viruses for the 
Picornavirus family were undertaken to determine the exact nature of the effects and factors 
on pathogen decay. Conditions were manipulated to characterise the interaction between 
active bacterial isolates and viruses, for example using heat treatments or enzyme inhibitors. 
The amount of decay was determined using quantitative RT-PCR/PCR to measure changes 
in viral copy numbers over time. The Picornaviridae are one of the largest and most 
significant families of human and agricultural pathogens. It is within this family that the focus 
of most research has occurred in regards to water-borne viral pathogens, the enteroviruses.   38 
 
The enteroviruses are aptly named because most members inhabit the alimentary (enteric) 
tract and are excreted into faecal matter. An overview of the relatedness of poliovirus and 
coxsackievirus, and other Picornaviruses is shown in Figure 1.1 below. 
 
Figure 1.1: Picornavirus relatedness (Cann, 1999). 
 
All picornaviruses have a genome consisting of a single strand of messenger-active 
RNA, having a molecular weight of approximately 2.6 x 10
6. This corresponds to a length of 
about 7500 bases and a coding capacity of approximately 2500 amino acids (Luria et al., 
1978). The RNA is (+) sense strand; it is polyadenylated at the 3' terminus and has a small 
protein VPg attached to its 5' terminus. The virion is essentially spherical in shape, with no 
lipid envelope. Particle size ranges from 29.8 to 30.7nm in diameter (Fields et al., 1996). X-ray 
diffraction analysis reveals an icosahedral (5:3:2) symmetry due to a regular arrangement of 
identical protein subunits. An overview of the replication cycle is displayed below in Figure 
1.2.  
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Figure 1.2: Picornavirus replication cycle (ViroPharma Inc., 2003). 
 
This study examined whether virulence factors were the same among the different 
virus studied. Results from this study would have applications for agricultural, industrial, and 
municipal effluent reclamation, improvement of groundwater quality and artificial recharge. 
The major objectives of this study were  to understand the potential health risks from 
microbial pathogens in groundwater to allow for the application of water reclamation in areas 
where water supply levels are of concern.    40 
 
The expected outcome of this study is a better understanding of the influence of 
autochthonous groundwater bacteria on pathogen decay in groundwater. The information 
obtained could be used for risk assessment, model development and new methods for 
effluent treatment to improve the viability of treated effluent for reclamation. The resulting 
information will be used to reduce pressure on existing groundwater and surface water 
supplies in the form of artificial recharge and managed aquifer recharge. 
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Chapter 2 
ISOLATION OF AUTOCHTHONOUS GROUNDWATER BACTERIA AND 
DETERMINING THEIR INFLUENCE ON ENTERIC VIRUS DECAY 
 
2.1 Introduction  
 
The first stage in the study of the interaction between autochthonous groundwater 
bacteria and enteric viruses was through the investigation of the bacteria themselves. As 
detailed in the previous chapter, the groundwater community is highly diverse, comprising of 
many functional groups, such as aerobes, nitrate reducers and fermenters. Each of these 
functional groups requires an appropriate media for culturing, be it a non-selective media for 
culturing  heterogeneous  aerobic bacteria from water, or a differential media containing 
indicators, for example for isolating glucose fermenters.  
A number of studies into viral decay in groundwater have demonstrated the 
importance of the indigenous groundwater microorganisms (Gordon and Toze 2003; 
Jansons et al. 1989; Keswick and Gerba 1980; Toze and Hanna 2002; Yates et al. 1985). While 
it is recognised that viral decay is greater in the presence of other microorganisms, the 
mechanisms by which this occurs are still not well understood. It is still not clear whether   42 
 
viral decay by indigenous microorganisms is a result of direct predation, the production of 
virucidal compounds or other unknown activities.  
This chapter details the isolation and purification of autochthonous groundwater 
bacteria from groundwater sourced from Floreat Park and Halls Head, Mandurah, both part 
of the superficial aquifer of the Swan Coastal Plain, Perth, Western Australia, and 
determining the influence of these bacteria on selected enteric virus decay.   
The following chapter also details the screening process of all autochthonous 
groundwater bacteria isolated against the enteric viruses poliovirus type 1, coxsackievirus B3 
and adenovirus B41. These viruses were selected to represent the enteroviruses. Poliovirus 1 
is a well studied member of the enterovirus family. Coxsackievirus B3 is a closely related 
enterovirus and is very similar structurally to poliovirus as both are non-enveloped RNA 
viruses. Adenovirus B41 is a non-enveloped DNA enteric virus and was chosen due to this 
point of difference.  The decay rates of the enteric viruses in the presence of individual 
groundwater bacterial isolates as measured by quantitative RT-PCR/PCR were used to 
determine the presence of ‘antiviral activity’. 
2.2 Materials and Methods 
2.2.1 Groundwater Source and Collection 
   
Groundwater was obtained from bores located in the superficial aquifer on the Swan 
Coastal Plain, Perth, Western Australia. One bore was located at the CSIRO Laboratory in 
Floreat Perth while the other two bores were located at the Halls Head wastewater treatment 
plant (WWTP) in Mandurah, a small holiday township 70 km South of Perth.  The location 
of the two sampling locations are shown in Figure 2.1.  
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CSIRO groundwater is located in an unconfined leached aeolian calcarenite sand 
aquifer with a water table approximately 10 metres below ground (Department of 
Environment 2003a). Halls Head groundwater was from a shallow karstic limestone aquifer, 
with a groundwater table 2 metres below ground. Groundwater conditions are given in Table 
2.1. The bore at the CSIRO Laboratory and one of the bores at the Halls Head WWTP were 
used to source unimpacted native groundwater, while the second Halls Head WWTP bore 
was used to source recharged secondary treated effluent at an operating MAR scheme (Toze 
et al., 2004).  The bore was purged by pumping for 30 minutes using a submersible pump to 
prevent the collection of stagnant water prior to the collection of groundwater samples. 
Groundwater was collected into sterile 1 L borosilicate glass bottles and immediately placed 
on ice until processed. When atmospheric oxygen was to be excluded, groundwater was 
collected carefully to overflow, into sterile, nitrogen flushed bottles which were then sealed 
with a sterile butyl rubber septum. Groundwater samples were used immediately or stored at 
4˚C when required for up to 1 month. 
 
Table 2.1: CSIRO and Halls Head groundwater conditions. 
Groundwater 
Source 
  Condition  Depth  to 
Water 
Table (m) 
DO 
(ppm) 
pH  Conductivity 
(µS) 
CSIRO    Aeolian 
calcarenite 
sand 
10  4-6  7  1190 
Halls Head 
 
Recharged 
wastewater 
Karstic 
limestone 
2  0.5  7.5  1200 – 2000 
  Native 
groundwater 
  2  6  7.3  3000-4000 
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2.2.2 Aerobic media 
 
All media was sterilised by autoclaving at 121°C for 15 minutes unless otherwise 
stated and agar was added to broth at 15 g/L if solid media was required. Prepared plates 
were stored at 4˚C prior to use. Media recipes can be found in Appendix 1. 
R2A agar and glutamate starch phenol red (GSP) agar were used to culture 
groundwater bacteria. R2A agar is a non-selective low nutrient media designed specifically to 
support the growth of heterotrophic bacteria from water (Reasoner and Geldreich, 1985). 
GSP agar is a selective agar used for the growth of Pseudomonas  and  Aeromonas  species 
available as a premixed powder (Merck). Filter sterilised Ampicillin was added to the GSP 
agar after autoclaving once the media had been tempered to 55 ˚C   as directed by the 
manufacturer. Filter sterilised Ampicillin was prepared by dissolving 150 mg of Ampicillin in 
2 mL of NaOH and 8 mL of double deionised H2O. This was then passed through a 0.2 µm 
syringe filter to ensure sterility. Ampicillin 15 mg.mL
-1 was added at 10 mL per litre of GSP 
agar to a final concentration of 1.5 mg.mL
-1 to inhibit the growth of Gram positive bacteria.   
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Figure 2.1: Map of the Swan coastal Plain showing sample locations, inset map of Australia 
showing Western Australia and location of Swan Coastal Plain (adapted from McArthur 
and Bettenay, 1974; Bekele et al., 2006). 
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Pseudomonas spp. appear blue violet surrounded by a red violet zone, whereas Aeromonas spp. 
appear yellow surrounded by a yellow zone. Enterobacteriaceae and other genera appear as small 
colonies with delayed growth and are sometimes mucoid.  
Hugh-Leifson’s oxidation fermentation medium was used to test for 
oxidation/fermentation of glucose by the groundwater isolates. The medium was prepared 
by adding all ingredients apart from the glucose solution to a volume of 900 mL with DD 
water. The solution was then heated to boiling to dissolve ingredients prior to sterilisation. 
Filter sterilised 10 % glucose solution was added aseptically to a final concentration of 1% 
when the autoclaved medium reached a temperature of 45 - 50°C. Bacteria that ferment 
glucose turn the medium yellow. 
   
2.2.3 Anaerobic media 
 
All media was sterilised by autoclaving at 121°C for 15 minutes unless otherwise 
stated and all anaerobic media was heated to boiling and then flushed with nitrogen gas prior 
to sterilisation unless otherwise stated. Agar was added to broth at 15 g/L if solid media was 
required. Media recipes can be found in Appendix 1. 
Nitrate reducing bacteria were  isolated and characterized using nitrate broth as 
described in Atlas (1993) with the exclusion of atmospheric oxygen. The production of 
nitrites from nitrates was determined by the addition of 200 µL each of 1 % solutions of 
sulfanilic  acid  and  α-napthylamine. A pink or red colour developed if nitrate had been 
reduced to nitrite.  
Fermenters were isolated and characterized using broth enriched with glucose, trace 
vitamins and minerals. The broth was distributed to a volume of 9mL into glass culture tubes  
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and sealed with butyl rubber stoppers and aluminium crimps after purging with nitrogen to 
ensure oxygen removal. Carbohydrate solution, trace vitamins and trace minerals were added 
aseptically under anaerobic conditions once the broth had been sterilised and cooled to 
approximately 55°C. Isolates with the ability to ferment glucose turned the media yellow 
from green.  
 
2.2.4 Isolation of Aerobic or Facultative Anaerobic Bacteria 
 
Duplicate spread plates were carried out immediately using 100 µL of groundwater 
from CSIRO, Halls Head production bore and Halls Head background bore onto R2A agar. 
Plates were incubated aerobically at 28 ˚C from 1 to 7 days depending on growth  (Atlas, 
1993). Plates were checked at 24 hours, 4 and 7 days. Plates were then stored at 4˚C until 
sampled. 
One hundred colonies were selected from spread plates and subcultured onto both 
R2A and GSP agar and given a number from 1 to 10 and a letter from A to J as a culture 
identity. The selection of colonies was based firstly on colony morphology in order to select 
isolates of different species, and secondly by selecting random colonies to make a total of 
100. Duplicate isolates were discounted resulting in a total of 63 isolates with different 
characteristics. Plates were incubated aerobically at 28˚C for 24 hours, or until growth was 
achieved. Isolates were re-streaked at least twice on R2A to ensure the purity of the isolates. 
Pure cultures were stored frozen in duplicate at –80˚C in nutrient broth with 20 % glycerol. 
New frozen stocks were made from fresh cultures when required.  
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2.2.5 Characterisation of Aerobic or Facultative Anaerobic Bacteria 
 
Revived isolates were streaked onto R2A agar and incubated aerobically at 28˚C for 
24 hours to obtain fresh samples for characterisation. Gram stains were conducted on fresh 
colonies to obtain both Gram reaction and cell morphology. Oxidase, catalase and 
fermentation tests were also conducted for further characterisation. Oxidase tests were 
carried out on fresh colonies using BBL oxidase test sticks, with a positive result indicated by 
the development of a purple colour. The catalase test was also carried out on fresh colonies 
by emulsifying an isolate colony in a drop of 3 % hydrogen peroxide on a slide and 
examining immediately and at 5 minutes for the production of hydrogen bubbles.  
Fermentation testing was carried out using Hugh-Leifson’s oxidation-fermentation 
media containing a pH indicator. Isolates were stabbed into the semi-solid Hugh-Leifson’s 
media and incubated aerobically for 24 hours at 28°C. The development of a yellow colour 
indicated the ability to ferment glucose. Select isolates were also tested for the ability to 
reduce nitrate into nitrite under aerobic conditions and the ability to undergo denitrification 
in the absence of atmospheric oxygen. Isolates were inoculated into simple nitrate broth and 
incubated for 1 – 7 days under both aerobic and anaerobic conditions. Nitrate broth for 
anaerobic conditions was flushed with nitrogen prior to inoculation to ensure anaerobic 
conditions and plates were incubated in an anaerobic cabinet. After 24 hours the reagents 
sulfanilic  acid  and  α-napthylamine were added to each tube and the development of a 
pink/red colour indicated the presence of nitrite and hence the ability to reduce nitrate. The 
tubes were then incubated further to ensure that adequate growth had been achieved to allow 
for nitrate reduction. 
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2.2.6 Isolation of Anaerobic Bacteria 
 
Isolation of anaerobic groundwater bacteria was carried out using groundwater 
sourced from the CSIRO bore. Groundwater was collected using a pump from 
approximately 18 metres below ground and had a DO of 0.48 ppm. Duplicate culture tubes 
of nitrate reducing broth and fermentation broth were prepared, inoculated with 100 µL of 
anaerobic groundwater and allowed to incubate for one week at 28 ˚C  in  an  anaerobic 
chamber. 
Solid media was prepared by adding 15 % w/v agar to each of the two anaerobic 
broths. Plates were poured and stored in the anaerobic chamber to allow equilibration to 
anaerobic conditions. Duplicate spread plates were prepared using 100 µL of inoculated 
broth and incubated until separate colonies could be observed. Separate colonies were then 
streaked onto individual plates. Isolates were streaked at least twice more to ensure purity and 
then inoculated into broth. Isolates were then frozen in duplicate in the appropriate broth 
with 20 % glycerol.  
 
2.2.7 Preparation and Enumeration of Bacterial Isolates 
 
When required, frozen cultures were thawed and several loopfuls were streaked onto 
R2A plates. These plates were incubated for 24 to 72 hours until the strains grew. Revived 
cultures were maintained at 28˚C on R2A plates or R2A broth and grown for 24 hours prior 
to use. One colony was then inoculated into 100 mL of R2A broth and incubated aerobically 
at 28°C while shaking for 24 hours. A 10 mL aliquot was then spun at 10 000 g for 10 
minutes to pellet cells for washing to remove nutrients. The pellet was resuspended in 10 mL   50 
 
in double filter sterilised groundwater and centrifuged at 10 000 g for a further 10 min. This 
was repeated two further times to ensure removal of all nutrients. Finally, the pellet was 
suspended in 10 mL of double filter sterilised groundwater and vortexed for 30 sec to break 
up any clumps before use. 
Washed isolate suspensions were enumerated by spread plating appropriate dilutions 
on R2A. Appropriate dilutions of experimental samples were carried out in sterile ddH2O 
and two dilutions were plated in triplicate. Aliquots of 100 µL were spread over the surface 
of each plate using flame sterilised glass spreaders. Plates were incubated aerobically at 28°C 
for 24 hours.  
 
2.2.8   Viral Source and Storage 
 
Poliovirus type 1, Coxsackievirus B3 and Adenovirus B41 were initially cultured in 
cell lines (African Green Monkey Kidney cells) by the Pathology Centre, WA. The viruses 
were then harvested from the lawns and frozen as a crude cell extract at -80 
oC until needed. 
The number of infective viral particles in the viral suspensions had been determined by the 
Pathology Centre using the MPN method in fresh cell culture lawns. The titre for each virus 
was determined to be 10
8 pfu ml
-1 for poliovirus, 10
9 pfu ml
-1 for coxsackievirus and 10
7 pfu 
mL
-1 for adenovirus. Stocks were thawed and 15 to 25 mL aliquots were taken and stored in 
a  -20°C freezer for ready use. Before use in the survival experiments, the crude viral 
suspensions were washed and resuspended in sterile groundwater to the approximate 
concentration of the original crude suspension using the methods outlined in Gordon and 
Toze (2003).  
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2.2.9 Screening of Groundwater Isolates for Viral Degradation 
 
Screening of 63 aerobic or facultative anaerobic isolates was carried out in three 
stages. The first stage involved the screening of 16 isolates from groundwater collected at 
CSIRO Centre for Environment and Life Sciences in Perth, Western Australia. The second 
stage screened 35 isolates from native groundwater collected at Halls Head, 70 km south of 
Perth, and stage three screened 12 isolates from reclaimed groundwater collected at the Halls 
Head water treatment plant. Each stage of screening followed the same procedure outlined in 
Figure 2.2. 
Groundwater from the same source as the isolate was filter sterilised firstly through a 
sterile disposable 0.2 µm syringe filter from the collection bottle into a sterile container. The 
groundwater was then filtered a second time through another 0.2 µm filter into a second 
sterile container. A 9.5 mL volume of double filter sterilised groundwater was then added to 
each of two sterile 15 mL polypropylene tubes.  Two tubes of filtered groundwater (duplicate 
samples)  were then inoculated with an isolate using a 10 µL inoculation loop and incubated 
aerobically at 28˚C for 24 hours. After incubation, 500 µL of poliovirus was added to one of 
the duplicates and 500 µL of coxsackievirus was added to the remaining duplicate. A negative 
control for each groundwater source was also carried out by adding each virus to a tube of 
double filter sterilised groundwater which had not been inoculated with any of the 
groundwater isolates. Tubes were mixed and a 1 mL sample was taken immediately (time 0 
sample). The presence of viable bacteria was monitored by inoculating 20 µL of sample into 
180 µL of nutrient broth in a microtitré tray. Trays were incubated at 28˚C for 24 hours.  
Tubes were also sampled at day 28. Collected samples were stored at –80˚C until RNA 
extractions were undertaken.    52 
 
2.2.10 Screening of Anaerobic Isolates for Viral Degradation 
 
The screening of the four anaerobic isolates followed the same general procedure 
outlined in Figure 2.2, with all manipulations being carried out in an anaerobic cabinet. 
Isolates were tested against poliovirus, coxsackievirus and adenovirus. Samples were taken at 
time 0 and day 14 and frozen at -80˚C until extractions could be carried out.   
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1x filtered groundwater
Double filtered groundwater
Inoculated groundwater Inoculated groundwater
Isolate 10µL loop
Poliovirus Coxsackievirus
Negative Controls
Poliovirus or Coxsackievirus
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0.2µm filter
0.2µm filter
9.5mL duplicates
incubate 24hours 
28°C aerobic
add 0.5mL poliovirus 
or coxsackievirus
incubate 28°C aerobic
vortex prior to taking 1mL samples
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Poliovirus Coxsackievirus
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9.5mL duplicates
incubate 24hours 
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add 0.5mL poliovirus 
or coxsackievirus
incubate 28°C aerobic
vortex prior to taking 1mL samples
 
 
Figure 2.2: Procedure for screening of groundwater isolates for ability to degrade poliovirus 
and coxsackievirus in groundwater.  
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2.2.11 Further Screening of Selected Isolates for Viral Degradation 
 
The 10 isolates  that showed the greatest activity against either poliovirus or 
coxsackievirus from the initial screening of aerobic isolates were further tested against 
adenovirus. Activity of the 10 isolates was tested in direct contact with adenovirus following 
the procedure outlined for the initial screening of isolates in Figure 2.2.  
Double filter sterilised groundwater was inoculated with each of the 10 isolates in 
sterile polypropylene tubes and incubated aerobically at 28°C for 24 hours. A 9.0 mL aliquot 
of inoculated groundwater was then further inoculated with 500 µL of adenovirus. Tubes 
were then incubated aerobically at 28°C and samples were collected at time 0 and days 7, and 
14. Samples were stored at -80°C until adenovirus DNA extraction was carried out.   
Negative controls and blanks were also carried out following the same procedure by 
inoculating adenovirus into double filter sterilised groundwater that had not been inoculated 
with any bacterial isolate. The presence of viable groundwater isolates or sterility of un-
inoculated groundwater was monitored on each sampling occasion by inoculating 20 µL of 
sample in 180 µL nutrient broth and incubated at 28°C for 24 hours.   
 
2.2.12 Viral Nucleic Acid Extraction 
 
Viral RNA or DNA was extracted from experimental samples using a NucleoSpin® 
RNA and Virus Purification kit. All extracted nucleic acid samples were stored at -80°C to 
prevent degradation. The extraction procedures used were provided by Clontech.  Clontech 
supplied all buffers and tubes and the final eluate was collected into a sterile RNase free 1.5 
mL centrifuge tube.   54 
 
 
2.2.13 PCR/RT-PCR for Enumeration of Viral Pathogens 
 
Quantitative PCR/RT-PCR reactions were run on a Bio-Rad iCycler, thermocycler, 
using the Titan RT-PCR Enzyme System (Roche Diagnostics) for RT-PCR reactions and the 
iQ Supermix enzyme system (Bio-Rad) for PCR reactions to determine mean starting copy 
numbers present in extracted nucleic acid samples. Primer sequences are detailed in Table 2.2 
and RT-PCR reaction volumes using the Titan enzyme system are given in Table 2.3. Roche 
Diagnostics does not give the activity of Titan Enzyme mix. A 1 µL template of sample 
RNA was used. HPCL purified primers used for detecting both poliovirus and 
coxsackievirus were Ent-Up and Ent-Down (Abbaszadegan et al., 1993).  
PCR reaction volumes using iQ supermix are given in Table 2.4. A 2 µL sample of 
DNA was used. Concentrations and components of the iQ Supermix are not given by the 
manufacturer. The HPLC purified primers HexAA 1885 and HexAA 1913 were used to 
detect adenovirus (Allard et al., 1992; Allard et al., 1990).  
 
Table 2.2: Primer sequences for RT-PCR/PCR detection of target viruses. 
Primer 
Name 
Sequence  Target 
HexAA 
1885 
5’-GCCGCAGTGGTCTTACATGCACATC-3’  Ad40 (hexon) position 
18858-18883 
HexAA 
1913 
5’-CAGCACGCCGCGGATGTCAAAGT-3’  Ad40 (hexon) position 
19136-19158 
Ent Up  5’-TCCGGCCCCTGAATGCGGCT-3’  Enterovirus nucleotides 
445-465 
Ent Down  5’-TGTCACCATAAGCAGCC-3’  Enterovirus nucleotides 
577-594 
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Table 2.3: Recipe for Titan RT-PCR master mix using SybrGreen 1 and a 1 µL template. 
Component  Volume/reaction (µL)  Final concentration 
Buffer (5x RT-PCR)  5.00  1x 
dNTP (10 mM)  0.40  1.6 mM 
RNase inhibitor (40U/µL)  0.20  8 U 
DTT (100 mM)  1.00  4 mM 
Ent up (20 µM)  0.20  0.8 µM 
Ent down (20 µM)  0.20  0.8 µM 
Titan enzyme mix   0.25   
SybrGreen (10 x)  0.25  0.1 x 
Passive Dye (2 x)  0.25  0.02 x 
H2O  16.25   
Total  24.00   
 
 
Table 2.4: Recipe for iQ Supermix for PCR using SybrGreen 1 and a 2 µL template. 
Component  Volume/reaction (µL)  Final concentration 
iQ Supermix (2 x)  12.50  1 x 
HexAR 1885 (20 µM)  0.20  0.8 µM 
HexAR 1913 (20 µM)  0.20  0.8 µM 
SybrGreen (10 x)  0.25  0.1 x 
Passive Dye (2 x)  0.25  0.02 x 
H2O  9.60   
Total  23.00   
 
2.2.14 Quantitative RT-PCR/PCR 
 
The DNA gel stain SybrGreen 1 (Molecular Probes) was used as a DNA specific 
fluorophore to track real-time results on the iCycler and a passive dye (fluorescein) (BioRad) 
was used as a background dye.  RNA for standards used in each quantitative RT-PCR run 
was extracted from poliovirus stocks and diluted in RNase free H2O to create 1.00e-02, 
1.00e-04, 1.00e-06 and 1.00e-08 standards. DNA extracted from Adenovirus stocks was 
diluted in RNase free H2O to create 1.00e-01, 1.00e-03 and 1.00e-05 standards for use in 
quantifying PCR reactions. Sets of 10 µL aliquots of each standard were produced to 
eliminate variations due to nucleic acid degradation caused by multiple freeze thawing. An 
aliquot of each standard was used once only and then discarded. All PCR and RT-PCR   56 
 
reactions, standards and sample nucleic acid were run in triplicate for statistical purposes. 
Two negative controls using ddH2O in place of the nucleic acid template were also used.  
Each thermocycler run was set up with the production of a master mix that 
contained multiple volumes from the reaction recipe. The master mix was separated into 72 
µL or 69 µL aliquots and 3 µL of RNA template or 6 µL of DNA template was then added. 
Aliquots were then gently vortexed and spun. Three aliquots of 25 µL were taken from this 
mixture and deposited into adjacent wells in a PCR plate. Selected samples were rerun at the 
completion of each experiment to discount any variation due to separate thermocycler runs.  
The temperature cycle used for RT-PCR reaction was as follows: 30min of reverse 
transcriptase at 50˚C to create cDNA copies of RNA, then 45 cycles of 95˚C for 30s, 55˚C 
for 20s, and 68 ˚C for 20s. The final cycle had a 5 minute extension at 68˚C. The temperature 
cycle used for PCR reactions was as follows: 8 min 30 sec at 95°C for enzyme activation, 
then 45 cycles of 95°C for 30s, 55°C for 20s, and 72°C for 20s. Once again, the final cycle 
had a 5 minute extension at 72°C.  
The concentration of product in each sample was determined by the threshold cycle. 
The threshold cycle is the cycle at which the iCycler first detects a rise in DNA concentration 
above the base line concentration. The known standards were entered into the iCycler 
software and their threshold cycle was used to create a standard curve, from which the 
quantity of the unknowns were determined. The iCycler software calculated an average 
starting quantity (copy number) from the values gained for each replicate. An example of an 
iCycler quantitative PCR graph and the threshold cycles are in Figure 2.3. 
Melt curves were also run at the completion of each RT-PCR/PCR reaction to test 
for purity. The iCycler software produced a melt curve by increasing temperatures from 50°C  
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to 95°C in 0.5°C steps and measuring the decrease in SybrGreen 1 fluorescence. This was 
used to discriminate between DNA product, primer dimers and assess for potential 
contaminants. Primer dimers were determined to have a melt temperature of approximately 
77°C with the Ent primers and approximately 85°C with the Hex primers, whereas DNA 
products melted from high 80°C to early 90°C, varying slightly depending on the virus 
studied. This lower melt temperature shown by primer dimers allowed for the determination 
of DNA product in each  sample, and also allowed for the determination of possible 
contamination in each sample, as contamination can be observed as changes in the melt 
temperature compared to standards. Melt curve analysis was also used to ensure that any 
signal in the negative control was only primer dimers. This was particularly important in the 
case of low concentration standards or unknowns, as a large proportion of product shown in 
thermal cycling may have been a result of primer dimers. 
 
 
Figure 2.3: Example of iCycler PCR graph showing threshold cycles. 
 
2.2.15 Decay Calculations and Statistical Analysis 
 
Decay was determined for each treatment using the formula:   58 
 
Decay (T90) = t / log10 (ct/c0)  
Where     Ct = the final copy number at day t 
               C0= the copy number at time 0 
            T90 = number of days to a 1 log removal (Toze and Hanna, 2002) 
 
Negative T90 values signify a reduction in mean copy number whereas positive 
numbers and negative numbers beyond two years (-730) were taken to signify no reduction 
in mean copy number over the course of the experiments. A positive T90 value or greater 
than two years will be described in the results as ‘no decay’ (ND).  
 
2.2.16 Comparison of Viral Capsid Protein Sequences 
 
Poliovirus type 1, coxsackievirus B3 and adenovirus B41 protein coat amino acid 
sequences were investigated for differences to explain variations in viral decay by 
autochthonous groundwater bacteria. Protein coat sequences were sourced from the 
National Center for Biotechnology Information (NCBI) Index of Viruses (NCBI, 2004).  
Protein capsid amino acid sequences were aligned using ClustalW (European 
Bioinformatics Institute (EBI), 2004). Aligned sequences were then analysed visually using 
colours and symbols attributed to each residue by ClustalW and assigned percentages for 
similarity, difference, conserved and semi-conserved amino acid substitutions. 
2.3 Results 
2.3.1 Characterisation of Autochthonous Groundwater Bacteria 
2.3.1.1 Aerobic or Facultative Anaerobic Bacteria 
A total of 63 aerobic or facultative anaerobic bacteria were isolated from R2A and 
GSP agar under aerobic conditions and detailed descriptions are available in Appendix 1.  
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Sixteen bacteria were isolated from CSIRO groundwater (native), 35 from Halls Head 
groundwater (native) and 12 were isolated from Halls Head infiltrated reclaimed water. All 
but one isolate was found to be Gram negative and 55 (87 %) of isolates were rod shaped. 
One Gram positive rod that showed feathery colony growth was isolated. Eight Pseudomonas-
like and Aeromonas-like bacteria were isolated with the aid of the GSP agar. All isolates were 
catalase positive and 47 (74) % were oxidase positive. Twenty three (37%) isolates were able 
to ferment glucose. 
2.3.1.2 Anaerobic Bacteria  
 
Four anaerobic bacteria were isolated from CSIRO groundwater (native), with more 
detailed descriptions available in Appendix 1. Two nitrate reducers were isolated using nitrate 
broth and two Fermenters were isolated using fermentation broth enriched with glucose as 
the carbohydrate source.  
 
2.3.2 Screening of CSIRO Groundwater Isolates for Viral Degradation 
 
The results from the screening of 16 CSIRO groundwater isolates for virucidal 
activity against poliovirus type 1 are shown in Figure 2.4. T90 values are given in Table 2.5. 
Many of the isolates showed little or no activity against poliovirus as mean RNA copy 
numbers remained relatively stable over 28 days. The greatest activity was shown by isolate 
10C followed by 10B, 10D and 6J, with a T90 of -17.1,  -59.2,  -60.0 and -62.0 days 
respectively. Isolates 4G, 10G and 6I also showed decay rates of less than -100 days, while 
the remainder of isolates showed T90 values greater than -100 days or positive values. The 
negative control containing poliovirus remained relatively stable with a T90 of -531.2 days.   60 
 
The results from the initial screening of the same 16 CSIRO groundwater isolates for 
virucidal activity against coxsackievirus B3 are shown in Figure 2.4, and T90 values are given 
in Table 2.5. As with poliovirus, many isolates showed little or no activity against 
coxsackievirus as RNA copy numbers remained relatively stable over 28 days. The highest 
activity was also shown by isolate 6H with a T90 of -2.3 days, followed by 10G, 10B and 10F, 
with T90 values of -19.1, -24.9
 and –35.0
 days respectively. Isolates 5A, 10C, 7F, 10E, 6I and 
6J all showed T90 values less than -100 days. The negative control containing coxsackievirus 
also remained stable with a T90 value of -113.1 days. Overall, the T90 values were smaller 
indicating faster decay for coxsackievirus when compared to poliovirus.  
 
Table 2.5: T90 values (days) for poliovirus and coxsackievirus decay in the presence of each 
sixteen native CSIRO groundwater isolates. 
 
  Poliovirus  Coxsackievirus 
Isolate  T90   T90  
1F  ND  -119.3 
4G  -68.6  ND 
5A  ND  -35.9 
6H  -272.9  -2.3 
6I  -96.6  -64.1 
 6J  -62.0  -88.0 
7F  ND  -39.4 
9B  -312.6  ND 
9E  -183.5  ND 
10B  -59.2  -24.9 
10C  -17.1  -38.5 
10D  -59.9  ND 
10E  ND  -49.2 
10F  ND  -35.0 
10G  -70.7  -19.1 
10J  ND  -523.5 
Neg  -531.2  -113.1 
                  ND: no decay (positive T90 or T90 beyond -730 days) 
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Figure 2.4 Poliovirus decay in the presence of 16 native CSIRO groundwater isolates (a) 1F 
, 4G , 5A ▲, 6H ▼ (b) 6I , 6J , 7F ▲, 9B ▼ (c) 9E , 10B , 10C ▲, 10D ▼  (d) 
10E , 10F , 10G ▲, 10J ▼, negative control .   62 
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Figure 2.5 Coxsackievirus decay in the presence of 16 native CSIRO groundwater isolates 
(a) 1F , 4G , 5A ▲, 6H ▼ (b) 6I , 6J , 7F ▲, 9B ▼ (c) 9E , 10B , 10C ▲, 10D 
▼  (d) 10E , 10F , 10G ▲, 10J ▼, negative control .  
63 
2.3.3 Screening of Halls Head Groundwater Isolates for Viral Degradation  
 
The results from the screening of 35 Halls Head groundwater isolates for virucidal 
activity against poliovirus type 1 are shown in Figure 2.6, and T90 values are shown in Table 
2.6. Many of the isolates showed little or no activity against poliovirus as copy numbers 
remained relatively stable over 28 days. The greatest activity was shown by isolate 1G, with a 
large T90 of -9.4 days. The next three highest activities were shown by isolates 4B, 5H and 
3A, with T90 values of -11.7, -11.9 and -28.3 days respectively. Isolates 5J, 10I, 4F, 2H, 3G, 
6G, 5G, 4C and 4I also showed T90 values of less than -100 days or positive values. The 
negative control containing poliovirus remained stable with no decay shown. 
The results from the screening of the same 35 Halls Head groundwater isolates for 
virucidal activity against coxsackievirus B3 are shown in Figure 2.7, and T90 values are 
shown in Table 2.6. As with poliovirus, some isolates showed little or no activity against 
coxsackievirus as copy numbers remained relatively stable over 28 days. The highest activity 
was also shown by isolate 4F with a T90 of -3.9 days, followed by isolate 4B, 3A and 3J, with 
T90 values of -4.1, -4.1 and -4.5 days respectively. Twenty other isolates showed T90 values 
of less than -100 days. The negative control containing coxsackievirus remained stable with 
no decay shown.  
 
Table 2.6: T90 values (days) for poliovirus and coxsackievirus decay against thirty five 
Halls Head groundwater isolates. 
 
Isolate  Poliovirus  Coxsackievirus 
T90  T90 
1C  -114.8  -34.7 
1E  -146.3  -16.6 
1G  -9.4  -10.4 
1I  -147.5  -8.4   64 
 
Isolate  Poliovirus  Coxsackievirus 
2A  -174.2  -44.2 
2B  ND  -80.6 
2C  -207.9  ND 
2D  ND  ND 
2H  -38.8  -22.7 
2I  ND  -45.6 
2J  ND  -143.0 
3A  -28.3  -4.1 
3B  ND  -33.2 
3G  -38.96  -25.6 
3J  ND  -4.5 
4A  ND  -37.0 
4B  -11.7  -4.1 
4C  -61.3  -47.7 
4D  ND  -562.1 
4E  -233.4  ND 
4F  -38.1  -3.9 
4I  -96.6  -24.7 
4J  -133.3  -26.4 
5F  ND  -34.4 
5G  -55.9  ND 
5H  -11.9  -84.5 
5I  -182.8  -73.1 
5J  -28.3  ND 
6B  ND  -139.9 
6C   ND  -77.5 
6D  -51.5  -130.7 
6E  ND  ND 
10A  ND  -147.1 
10H  ND  -72.0 
10I  -37.5  -60.0 
neg  ND  ND 
                  ND: no decay (positive T90 or T90 beyond -730) 
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Figure 2.6: Poliovirus decay in the presence of thirty five native Halls Head groundwater isolates (a) 1C , 1E , 1G ▲, 1I ▼, 2A , 2B ► (b) 
2C , 2D , 2H ▲, 2I ▼, 2J , 3A ► (c) 3B , 3G , 3J ▲, 4A ▼, 4B , 4C ► (d) 4D , 4E , 4F ▲, 4I ▼, 4J , 5F ► (e) 5G , 5H , 
5I▲, 5J ▼, 6B , 6C►, (f) 6D , 6E , 10A▲, 10H ▼, 10I , negative control ►.   66 
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Figure 2.7: Coxsackievirus decay in the presence of thirty five native Halls Head groundwater isolates (a) 1C , 1E , 1G ▲, 1I ▼, 2A , 2B ► 
(b) 2C , 2D , 2H ▲, 2I ▼, 2J , 3A ► (c) 3B , 3G , 3J ▲, 4A ▼, 4B , 4C ► (d) 4D , 4E , 4F ▲, 4I ▼, 4J , 5F ► (e) 5G , 5H 
, 5I▲, 5J ▼, 6B , 6C►, (f) 6D , 6E , 10A▲, 10H ▼, 10I , negative control ►. 
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2.3.4 Screening of Halls Head Reclaimed Water Isolates for Viral Degradation 
 
The results from the screening of 12 Halls Head reclaimed water isolates for virucidal 
activity against poliovirus type 1 are shown in Figure 2.8, and the corresponding T90 values 
are shown in Table 2.7. Most of the isolates showed little or no activity against poliovirus as 
RNA copy numbers remained relatively stable over 28 days. The greatest activity was shown 
by isolate 7D, with a T90 of -31.2 days. Isolates 9G, 8B and 7G, with T90 values of -97.0, -
144.4 and -172.6 days respectively, showed the next three highest activities. All other isolates 
showed no decay (ND). The negative controls containing poliovirus also remained stable 
with no decay observed. 
The results from the screening of the same 12 Halls Head reclaimed water isolates 
for virucidal activity against coxsackievirus B3 are shown in Figure 2.9, and T90 values are 
shown in Table 2.7. As with poliovirus, most isolates showed little or no activity against 
coxsackievirus as RNA copy numbers remained relatively stable over 28 days. The highest 
activity was also shown by isolate 7H with a T90 of -46.8 days, followed by 8B, 9G and 8I, 
with T90 value of –70.2, -88.9 and -93.5 days respectively. All other isolates shown T90 decay 
values greater than -100 days or no decay. The negative controls containing coxsackievirus 
also remained stable with no decay observed.   
 
Table 2.7: T90 values (days) for poliovirus and coxsackievirus decay in the presence of 
twelve Halls Head reclaimed water isolates. 
 
Isolate  Poliovirus  Coxsackievirus 
T90  T90 
7B  ND  ND 
7D  -31.2  -235.9 
7G  -172.6  ND 
7H  ND  -46.8 
7J  ND  ND 
8A  ND  -281.0   68 
 
Isolate  Poliovirus  Coxsackievirus 
8B  -144.4  -70.2 
8D  ND  ND 
8G  ND  ND 
8I  ND  -93.5 
9G  -97.0  -88.9 
9H  ND  ND 
neg reclaimed  ND  ND 
                  ND: no decay (positive T90 or T90 beyond -730 days) 
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Figure 2.8: Poliovirus decay in the presence of twelve Halls Head reclaimed water isolates 
(a) 7B , 7D , 7G ▲, 7H ▼, (b) 7J , 8A , 8B ▲, 8D ▼, (c) 8G , 8I , 9G ▲, 
negative reclaimed groundwater ▼.  
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Figure 2.9: Coxsackievirus decay in the presence of twelve Halls Head reclaimed water 
isolates (a) 7B , 7D , 7G ▲, 7H ▼, (b) 7J , 8A , 8B ▲, 8D ▼, (c) 8G , 8I , 9G 
▲, negative reclaimed groundwater ▼. 
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2.3.5 Screening of Anaerobic Isolates for Viral Degradation 
 
 
Four anaerobic isolates were tested to determine whether any showed the ability to 
degrade poliovirus, coxsackievirus or adenovirus. The majority of the isolates caused little to 
no decay of the viruses with T90 values greater then the negative controls of -71.1 days, -90.7 
days and ND for poliovirus coxsackievirus or adenovirus, respectively, as shown in Figure 
2.12 and Table 2.8. All T90 values for isolates 1.1 and 1.2 (nitrate reducers) showed no 
influence. Isolate 2.2 (glucose fermenter) showed activity greater than the negative control 
against coxsackievirus and adenovirus with T90 values of -69.0 and -28.0 days, respectively.  
Table 2.8: T90 value (days) for decay of poliovirus, coxsackievirus and adenovirus in 
the presence of fermenters and denitrifiers from CSIRO native groundwater. 
 
Isolate  Poliovirus  Coxsackievirus  Adenovirus 
T90  T90  T90 
1.1  ND  ND  ND 
1.2  ND  ND  ND 
2.1  -403.2  -137.3  ND 
2.2  -137.5  -69.0  -28.0 
negative  -71.1  -90.7  ND 
         ND: no decay (positive T90 or T90 beyond -730 days)  
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Figure 2.10: Decay of poliovirus, coxsackievirus and adenovirus with standard errors in the 
presence of fermenters and denitrifiers from CSIRO native groundwater isolate 1.1 , 
isolate 1.2 , isolate 2.1 ▼, isolate 2.2▲ and negative control . 
 
 
2.3.6 Selection of Isolates for Further Screening 
 
The T90 values of isolates against both poliovirus and coxsackievirus were compared 
and the top ten isolates were selected for further screening. Isolates were selected for the 
greatest activity against both enteroviruses. The colony and cell characteristics of the top ten 
selected isolates are shown in Table 2.9.   72 
 
 
 
 
 
 
 
 
Table 2.8: Colony and cellular characteristics of the ten autochthonous groundwater isolates selected for further study.  
 
Isolate  Source  Colony Colour   Colony Morphology  Cell Morphology  Gram reaction  Oxidase  Catalase  Glucose 
Fermentation  
Nitrate Reduction  Poliovirus 
T90 (days) 
Coxsackievirus 
T90 (days) 
3A  Halls Head 
groundwater 
 
 
Yellow   Large, raised, mucoid, 
shiny 
Rods   −  +  +  −  +  -28.3  -4.1 
4B  Halls Head 
groundwater 
Transparent/light 
yellow 
/iridescent pink in 
light 
 
 
Shiny   Long rods  −  +  +  −  +  -11.7  -4.1 
4F  Halls Head 
groundwater 
 
 
Pink/red  Shiny   Thin rods  −  +  +  +  +  -38.1  -3.9 
10G  CSIRO groundwater 
 
 
Creamy   Very small, shiny, 
smooth edges 
Very small rods  −  +  +  −  −  -70.1  -19.1 
10B  CSIRO groundwater 
 
Colourless   Very small, raised, 
smooth edges, shiny 
Rods in chains and 
pairs 
−    +  +  +  -59.2  -24.9 
10E  CSIRO groundwater 
 
 
Transparent/ creamy 
/white 
Small, smooth edges  Short rods  −  +  +  −  +  ND  -49.2 
3J  Halls Head 
groundwater 
 
 
Creamy  Very small, shiny  Cocci or very short 
rods 
−  +  +  −  −  ND  -4.5 
1G  Halls Head 
groundwater 
 
 
Transparent/ 
colourless  
Very small, shiny  Rods   −  +  +  +  +  -9.3  -10.4 
6J  CSIRO groundwater 
 
 
White   Feathery   Short rods  +  −  +  +  +  -62.0  -88.0 
9G  Halls Head reclaimed 
water 
Orange/red  Large, rough edges, 
dull, mucoid 
Small rods  −  −  +  −  −  -97.0  -88.9  
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2.3.7 Further Screening of Groundwater Isolates for Adenovirus Degradation  
 
 
The results for the screening of the 10 selected isolates against adenovirus are 
shown in Figure 2.13 with T90 values shown in Table 2.10. The fastest T90 of -4.7 days 
was shown by isolate 1G. Isolates 4B, 3A and 10G, with T90 values of -4.8, -11.7 and -17.7 
days respectively, showed the next three highest activities. Isolates 4F, 10B and the negative 
control showed no decay. Table 2.10 compares T90 values for the ten selected isolates 
against poliovirus, coxsackievirus and adenovirus. 
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Figure 2.11: Decay of adenovirus over 14 days with standard errors in the presence of ten 
selected groundwater isolates 3A , 4B, 4F ▲, 10G ▼, 10B  and (b) 10E , 3J , 1G 
▲, 6J ▼, 9G , negative control . 
 
   74 
 
Table 2.9: T90 value (days) of poliovirus, coxsackievirus and adenovirus in the presence of 
the top ten active isolates. 
 
Isolate   Poliovirus   Coxsackievirus   Adenovirus 
T90  T90  T90 
3A  -28.3  -4.1  -11.7 
4B  -11.7  -4.1  -4.8 
4F  -38.1  -3.9  ND 
10G  -70.7  -19.1  -27.5 
10B  -59.2  -24.9  ND 
10E  ND  -49.2  -17.7 
3J  ND  -4.5  -101.6 
1G  -9.3  -10.4  -4.7 
6J  -62.0  -88.0  -190.7 
9G  -97.0  -88.9  ND 
                  ND: no decay (positive T90 or T90 beyond -730 days) 
 
2.3.8 Viral Capsid Protein Sequence Comparison 
 
 
Comparison of viral capsid amino acid sequences was carried out using the sequence 
alignment tool in ClustalW (EBI, 2004). Table 2.11 details percentages of similarity, 
difference, conserved amino acid substitutions and semi-conserved amino acid substitutions. 
Capsid sequences can be found in Appendix 7.3. Coxsackievirus and poliovirus are the most 
similar with 59.85 % of the same amino acids. Percentages of similarity and difference 
between poliovirus and adenovirus, and coxsackievirus and adenovirus appear to be similar, 
with differences of 48.33 % and 43.98 %, respectively. 
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Table 2.11: Comparison of viral capsid protein sequences by ClustalW with gaps removed. 
Symbol  Meaning  Cox V Pol  Pol V Ad  Cox V Ad 
*  Same  59.85  16.60  15.45 
:  conserved substitution  16.80  22.05  23.50 
.  semi-conserved substitution  9.37  13.02  17.07 
  Different  13.99  48.33  43.98 
Total %    100.00  100.00  100.00 
 
2.4 Discussion 
  
The aim of this study was to determine the scope for viral decay by individual 
groundwater strains in a microbial population. Isolating a range of autochthonous 
groundwater bacteria and testing all individually could give insight into the dynamics involved 
in viral decay in an aquifer. This could be particularly important for controlled activities such 
as managed aquifer recharge (MAR).  Survival of poliovirus type 1, coxsackievirus B3 and 
adenovirus B41 in the presence of selected active groundwater isolates was investigated and 
the results confirmed the hypothesis that antiviral activity may be carried out by only a small 
percentage of the active autochthonous groundwater microorganisms in an aquifer. It was 
also observed that the influence of the antiviral activity varied between the pathogens tested 
and not one isolate showed the same influence on all three viruses.  
It was once thought that the underground was a sterile environment devoid of life, 
where in reality the contrary exists. The groundwater environment is an extremely complex 
ecosystem with highly specialised organisms (Chapelle, 2001). The redox potential of 
groundwater varies considerably depending on the type of aquifer, from confined aquifers 
with reducing conditions through to unconfined aerobic aquifers with a direct link to 
atmospheric oxygen. Due to these variations, many different bacterial types can exist in 
groundwater environments ranging from aerobic eubacteria through to methane and acetone   76 
 
utilising archaea. Many new species of bacteria have been identified even though much of the 
groundwater environment remains unexplored. Molecular identification methods have also 
shown that many more species of bacteria exist in groundwater than can be cultured using 
traditional methods (King and Parker, 1988; Jiménez, 1990; Gounot, 1994). 
In order to investigate the interactions between autochthonous groundwater bacteria 
and enteric viruses at the level of individual bacteria, they must be isolated from the 
groundwater environment and cultured in the laboratory. As the groundwater environment is 
highly diverse and contains many microorganisms, which are currently unable to be cultured, 
those isolated using a non-specific media would only represent a percentage of the total 
population.  As a result, many bacteria with the potential to reduce the survival of enteric 
viruses may not have been investigated due to time constraints. Previous studies have shown 
very large reduction in enterovirus survival in groundwater, and this could be attributed to 
several bacteria or perhaps interactions of the whole microcosm (Gordon et al., 2002; Wall et 
al, 2004; Wall et al., 2006).   
Aerobic bacteria were isolated using R2A, a non-selective, low nutrient medium for 
isolation of heterotrophic bacteria from water. A selective medium (GSP) for the isolation of 
Pseudomonas-like and Aeromonas-like bacteria was also used. These two groups of bacteria were 
of particular interest due to evidence of known bactericidal activity (Toze et al.  1990). 
Aeromonas spp. have shown inhibitory activity against Legionella spp. including the production 
of diffusible antagonistic compounds (Toze et al., 1990; Toze et al., 1993; Toze et al., 1994). 
Pseudomonad bacteria are often reported to have inhibitory activity against bacteria and 
produce numerous catabolic enzymes, as do members of the Aeromonas genus (Cliver and 
Herrmann, 1972; Pemberton et al., 1997; Stanislavsky and Lam, 1997; Li et al., 1998; Nasser et 
al., 2002).  
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From these media, 63 bacteria were isolated with 55 from R2A and 8 from GSP 
(Appendix 2). Four bacteria were also isolated using selective media at the exclusion of 
oxygen. Two nitrate reducers and two bacteria with the ability to ferment glucose were also 
isolated. Aerobic isolates were the focus due to results obtained previously that showed faster 
and more consistent decay of enteric viruses in the presence of oxygen (Wall, 2001). All but 
one of the isolates were gram negative and 87% were rod shaped bacteria. All isolates were 
catalase positive and 73% were oxidase positive. Thirty seven percent of the 63 aerobic 
isolates were able to ferment glucose. One Gram positive bacteria was isolated that showed 
feathery growth on media, and may have been a common gram positive bacterium Bacillus 
mesenteroides.      
It has long been known that virus decay in ground and surface water is greater in the 
presence of other microorganisms, but the mechanisms by which this occurs is not well 
studied. Cliver and Herrmann (1972) investigated the decay of both poliovirus type 1 and 
coxsackievirus A9, A7 and B1. Viral decay was monitored in bacterial cultures and decay was 
found to be a result of proteolytic bacteria, most notably, Pseudomonas aeruginosa. Bacillus subtilis 
was also shown to have virucidal activity. Ward et al. (1986) also investigated the decay of 
poliovirus and coxsackievirus, and also echovirus and rotavirus in fresh water. Decay was 
investigated in filtered and non-filtered water and it was also found that any treatment that 
removed or inactivated microorganisms resulted in loss of virucidal activity. Nobel and 
Fuhrman (1997) have also suggested that extracellular enzymes produced by marine microbes 
had an important role in viral decay. Studies of the decay of poliovirus and coxsackievirus in 
nonsterile groundwater have indicated the production of virucidal compounds, as poliovirus 
showed decay when separated from the autochthonous groundwater microorganisms 
contained in the nonsterile groundwater (Wall 2001). Coxsackievirus has been noted to   78 
 
require direct contact with the nonsterile groundwater to achieve significant decay (Toze and 
Hanna 2002, Gordon and Toze 2003, Wall et al., 2004). These results suggest the production 
of numerous virucidal compounds that may be virus type specific, of varying sizes, some of 
which may be larger than 250 000 molecular weight, or closely associated with the 
autochthonous groundwater microorganisms (Wall et al., 2004). 
Of the 63 aerobic bacteria isolated, only 27 % (17 isolates) showed an ability to 
significantly reduce RNA copy numbers of poliovirus and over the incubation time of 28 
days. These isolates showed T90 values of 28 days or less. Six isolates showed significant 
influence against poliovirus and 14 isolates showed activity against coxsackievirus. Only three 
isolates, 1G, 3A and 4B showed significant influence against both poliovirus and 
coxsackievirus. The ten selected autochthonous groundwater bacteria isolates were found to 
reduce the survival times of poliovirus, coxsackievirus, and adenovirus, compared to the 
negative controls, however the influence varied amongst the organisms examined. The 
influence of the ten selected isolates against adenovirus was similar to the influence on 
poliovirus. T90 values of the top ten bacteria varied from as little as 4 days for a 90 % 
reduction in mean copy number through to no decay (a positive T90). As poliovirus and 
coxsackievirus are very closely related compared to adenovirus, it would have been expected 
that the influence of active bacteria would be more similar against poliovirus and 
coxsackievirus than adenovirus, but this was found to be not the case.  
Poliovirus and coxsackievirus are both members of the Enterovirus family. They are 
both single stranded RNA, non-enveloped, spherical viruses with icosahedral symmetry and 
are approximately 30 nm in diameter (Luria et al., 1978; Fields et al., 1996). Adenovirus B41 is 
a non-enveloped DNA virus, hexagonal in shape with icosahedral symmetry and a diameter 
of 80-110 nm (Büchen-Osmond, 2003). As poliovirus and coxsackievirus are members of the  
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same viral family it would be expected that the bacteria that reduce poliovirus numbers, 
would act similarly towards coxsackievirus. Comparisons of proteins coats between 
poliovirus and coxsackievirus did not indicate any major difference that could account for the 
varied influence observed (NCBI, 2004) Closer analysis of the autochthonous groundwater 
bacteria and the compounds produced may give insight into enzyme cleavage sites and 
explain these differences. 
Of the top ten isolates, all but one was cultured from groundwater that had not been 
impacted by effluent. Isolate 9G was cultured from the Halls Head production bore that was 
located downstream of a MAR that utilised infiltration basins for groundwater recharge. This 
isolate may not be autochthonous to the groundwater suggesting that viral degradation in 
groundwater impacted by effluent may not only be due to autochthonous bacteria but also 
bacteria introduced during effluent treatment or from the effluent itself. A greater percentage 
of the isolates cultured from groundwater not impacted by effluent showed virucidal activity. 
This may simply be an artefact of the culture method used.  
The differences shown by the active bacteria in their ability to reduce the numbers of 
poliovirus, coxsackievirus and adenovirus suggests that there is a potentially a range of 
compounds produced. In the groundwater environment, these active bacteria may all be 
responsible for the decay of enteric viruses, with utilising varying compounds that work 
together to remove viruses and other contaminants from the environment.   
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Chapter 3 
 
CHARACTERISATION OF AUTOCHTHONOUS GROUND WATER BACTERIA 
ISOLATE INFLUENCE ON VIRAL DECAY 
 
 
 
 
3.1 Introduction 
 
The results shown in the previous chapter and other studies have indicated the 
presence of compounds produced by the autochthonous groundwater bacteria that are able 
to reduce viral numbers over time (Gordon et al., 2002; Wall et al., 2004; Wall et al., 2006). 
This reduction in viral numbers was a result of a total loss of viral particles as numbers were 
monitored via the detection of viral nucleic acid. This implies that there may be a host of 
compounds, possibly enzymes, responsible for removing virus particles, including their 
nucleic acid from the groundwater environment. Cliver and Herrmann (1972) carried out 
some early work into the degradation of coxsackievirus A9 by a range of bacteria including 
Pseudomonas aeruginosa and Bacillus spp. in filtered well water. They found radioactively labelled 
viral coat proteins were taken up by P. aeruginosa but RNA was not. They attributed 
coxsackievirus degradation to compounds produced by the bacteria, but not necessarily 
enzymes. Ward and colleagues (1986) investigated this phenomenon in further detail in a  
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range of fresh waters against echovirus using heat inactivation, filtration acidification, 
metabolic inhibitor and UV sterilisation. They concluded that any treatment that removes or 
inactivates microorganisms present in the water removes virucidal activity. Echovirus 
degradation was thought to be a result of proteolytic enzyme cleavage of viral coat protein 
VP4, common to all enteroviruses. In this and following investigations (Ward et al., 1986) it 
was suggested that virucidal compounds were either short lived or bound to microorganisms. 
The following chapter details the results of an investigation where these interactions were 
studied further by manipulating experimental conditions to determine what effect enzyme 
inhibitors, heat treatments and altering the metabolic activity of the bacteria, had on rates of 
viral decay. Poliovirus type 1, coxsackievirus B3 and adenovirus B41 were tested against 
individual active autochthonous groundwater isolates to assess these interactions at the level 
of bacterial species as opposed to a whole microcosm that is present in whole water samples.  
3.2 Materials and Methods 
3.2.1 Characterising Selected Isolate Influence on Viral Decay 
For a more detailed analysis on the mechanism by which groundwater 
microorganisms impact on viral decay, three isolates with the greatest activity across all three 
viruses (1G, 3A and 4B) and one with the least influence (9G) were selected from the top 10 
(previously described in Chapter 2) for further analysis. A description of the basic phenotypic 
characteristics of the four selected isolates is shown in Table 3.1.  
 
Table 3.1: Characteristics of four selected autochthonous groundwater isolates. 
 
Isolate   Colour   Colony  Morphology   Gram  Oxidase   Catalase   Glucose 
Fermentation 
Nitrate 
Reduction 
1G  Colourless   Very 
small, 
shiny 
Rods   -  +  +  +  +   82 
 
Isolate   Colour   Colony  Morphology   Gram  Oxidase   Catalase   Glucose 
Fermentation 
Nitrate 
Reduction 
3A  Yellow   Large, 
shiny, 
mucoid 
Rods   -  +  +  -  + 
4B  Iridescent   Shiny   Long rods  -  +  +  -  + 
9G  Cream  Large, 
rough 
edges, 
mucoid 
Small rods  -  -  +  -  - 
 
 
3.2.2 Treatment Methodologies for Studying Mechanisms of Impact on Viral Decay 
 
Twelve treatments were carried out following the procedure outlined in Figure 3.1. The 
twelve treatments were as listed with detailed descriptions to follow: 
1.  aerobic, untreated inoculum 
2.  aerobic , filtered (0.8/0.2 μm) inoculum 
3.  aerobic, untreated inoculum + 0.01 % sodium azide (NaAz3) 
4.  aerobic, untreated inoculum + 1 % peptone 
5.  aerobic, untreated inoculum + 1 % glucose 
6.  aerobic, inoculum filtered (0.8/0.2 μm) then heated at 60°C for 10 min 
7.  aerobic, untreated inoculum heated at 60°C for 10 min 
8.  aerobic, untreated inoculum heated at 60°C for 10 min then filtered (0.8/0.2 μm) 
9.  aerobic, untreated inoculum + RNase inhibitor  
10. aerobic, untreated inoculum + Protease inhibitor 
11. aerobic, untreated inoculum + RNase inhibitor and Protease inhibitor 
12. anaerobic chamber, untreated inoculum  
 
All experiments were carried out in R2A broth diluted 1:10 in ddH2O. Negative 
controls were carried out by suspending viruses in sterile 1:10 R2A broth. Isolates were  
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streaked from frozen stocks onto R2A plates and incubated for 24 to 48 hours. One 
individual colony from this plate was inoculated into 10 mL of R2A broth diluted 1:10. This 
was incubated at 28°C for 24 hours with shaking. A 100 μL volume was then inoculated into 
100 mL of R2A broth diluted 1:10 and incubated for approximately 3 hours to reach a cell 
density of approximately 10
6 cfu mL
-1. The three hour incubation time was determined by 
growth curves carried out for each of the four selected isolates. A 1mL volume of this 
bacterial suspension was then added to experiments, or treated as detailed for each 
experiment to a total volume of 10 mL using 1:10 R2A broth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: General procedure for characterising the influence of selected isolates on viral 
decay. 
10mL total volume 
Incubated 28˚C 
aerobic or anaerobic as 
described per 
treatment for 35 days 
Sterile diluted R2A broth 
Add 1mL inoculum: 
treatments 1 through 
12 as described above 
Add 0.5mL virus: 
Poliovirus type 1 
Coxsackievirus B3 
or Adenovirus B41 
vortex 
1mL sample 
extract RNA/DNA 
for RT-PCR/PCR 
analysis   84 
 
The positive control was carried out under aerobic conditions at 28˚C in a 15 mL 
sterile polypropylene tube with the addition of 1 mL of selected groundwater isolate cultured 
in dilute R2A broth for 3 hours at 28 ˚C as described above. This was added to 8.5 mL of 
dilute R2A and 0.5 mL of virus stock and mixed. No further manipulations were applied.  
For treatment 2 (Filtered) a 1 mL volume of the selected isolate cultured in dilute 
R2A for 3 hours at 28˚C was passed through a 0.8/0.2 μm syringe filter in order to remove 
the bacterial cells. This was added to 8.5 mL of dilute R2A broth and 0.5 mL of virus stock 
in a sterile 15 mL polypropylene tube. 
Treatment 3 (Sodium Azide [NaAz33]), was prepared in the same manner as the 
positive control with the addition of NaAz3 from a 1 % sterile solution (autoclaved at 121˚C 
for 15 minutes) to a final concentration of 0.01 % to prevent metabolic activity of the 
bacterial strains. 
Treatment 4 and 5 were also prepared in the same manner as the positive control 
with the extra step of the addition of peptone (Peptone) and glucose (Glucose) from sterile 
stock solutions, each to a final concentration of 1 % . Stock peptone (10 %) was prepared 
and sterilised by autoclaving for 15 min at 121 ˚C, while stock glucose solution (10 %) was 
filter sterilised using a 0.8/0.2 μm syringe filter.. 
Treatment 6 (Filtered then Heated) was prepared by passing a 1 mL volume of the 
selected isolate cultured in the diluted R2A medium for 3 hours at 28°C through a 0.8/0.2 
μm  syringe  filter  in  order  to  remove  the  bacterial  cells.  The  filtered  solution  was  then 
subjected to 60°C for 10 min prior to the addition of 0.5 mL virus stock and 8.5 mL of dilute 
R2A broth in a sterile 15 mL polypropylene tube.  
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Treatment 7 (Heated) was prepared by heating at 60°C for 10 min a 1 mL volume of 
selected isolate cultured in the diluted R2A medium for 3 hours at 28°C. The heated culture 
was then added to 0.5 mL of virus stock and 8.5 mL of dilute R2A broth in a sterile 15 mL 
polypropylene tube. 
Treatment 8 (Heated then Filtered) was prepared by heating a 1 mL volume of 
selected isolate cultured in the diluted R2A medium for 3 hours at 28°C at 60°C for 10 min. 
The heated culture was then passed through a 0.8/0.2 μm syringe filter in order to remove 
the bacterial cells. This was then added to 0.5 mL of virus stock and 8.5 mL of dilute R2A 
broth in a sterile 15 mL polypropylene tube. 
Treatment 9 (RNase Inhibitor) was prepared by adding 100 μL (100 units) of RNase 
inhibitor (Roche Diagnostics) to a sterile 15 mL polypropylene tube containing 1 mL of 
selected isolate cultured in the diluted R2A medium for 3 hours at 28°C, 0.5 mL of virus and 
8.5 mL of dilute R2A broth. 
Treatment 10 (Protease Inhibitor) was prepared by adding 1 tablet of Complete Mini 
protease inhibitor cocktail (Roche Diagnostics) to a sterile 15 mL polypropylene tube 
containing 1 mL of selected isolate cultured in the diluted R2A medium for 3 hours at 28°C, 
0.5 mL of virus and 8.5 mL of dilute R2A broth. 
Treatment 11 (RNase + Protease Inhibitors) was prepared by adding 100 μL (100 
units) of RNase inhibitor (Roche Diagnostics) and 1 tablet of Complete Mini protease 
inhibitor cocktail (Roche Diagnostics) to a sterile 15 mL polypropylene tube containing 1 mL 
of selected isolate cultured in the diluted R2A medium for 3 hours at 28°C, 0.5 mL of virus 
and 8.5 mL of dilute R2A broth.   86 
 
Treatment 12 (Anaerobic) was prepared in the same manner as the positive control 
except that the medium was purged with nitrogen to remove atmospheric oxygen. All other 
manipulations were carried out within an anaerobic chamber.  
All of the treatments were incubated at aerobically at 28°C following addition of the 
viruses and sampled at time 0 and day 35 apart from the Anaerobic samples which were 
incubated in an anaerobic chamber at 28 
oC. Poliovirus and adenovirus were added to the 
same tubes with adjustment of the dilute R2A broth to 8 mL. Coxsackievirus was added to 
separate tubes due to the fact that the RT-PCR analysis of both poliovirus and coxsackievirus 
used the same enterovirus primers.  
Bacterial numbers were monitored on each sampling occasion to ensure the 
continued presence of viable bacterial isolates or to ensure sterility. This was achieved by 
inoculating 20 µL into 180 µL of nutrient broth. Dilutions of 10
-3 and 10
-6 were also plated in 
triplicate onto R2A and incubated at 28°C for 24 hours to enable the monitoring of bacterial 
isolate numbers. Collected samples were stored at -80°C until RNA/DNA extractions could 
be carried out.   
 
3.2.3 Analysis of Changes in Viral Numbers 
 
Quantitative RT-PCR/PCR was carried out as described in Chapter 2, Section 2.2.14 
for the enumeration of viral numbers.  
3.2.4 Decay Calculations and Statistical Analysis  
 
Decay (T90) was calculated using the formula described in Chapter 2, Section 2.2.15. 
Negative T90 values indicate a reduction in mean copy numbers over the course of the  
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experiment. Positive numbers and T90 values beyond 2 years (-730 days) are treated as no 
decay. Statistical analysis was carried out on T90 values to describe significant differences. T-
test assuming equal variance was used and p-values of less than 0.05 determined significant 
differences between treatments. For the purpose of analysis all negatives were removed from 
T90 values and all positive T90 values were considered no decay and assigned a zero value. 
3.3 Results 
 
The results of screening isolates 3A, 4B, 1G and 9G can be found in Figures 3.2, 3.3, 
3.4 and 3.5 showing poliovirus, adenovirus and coxsackievirus, respectively. All T90 values 
can be found in Table 3.2. Statistical significance is shown in Table 3.3 of all treatments 
compared to positive controls. Table 3.4 shows the ranking of all four isolates in their ability 
to reduce viral numbers and Table 3.5 shows the ratio between T90 decay values within each 
treatment. The general trend to be found across all viruses and isolates was that there was 
little to no decay of poliovirus type 1, coxsackievirus B3 and adenovirus B41 in heat 
treatments or with the addition of enzyme inhibitors. Filtering reduced decay, whilst the 
metabolic inhibitor NaAz3 had less influence on reducing decay. Additional nutrients had 
varying influence and little decay of the three viruses was observed by these four isolates 
under anaerobic conditions. 
Table 3.2: T90 values (days) for twelve treatments against poliovirus, 
coxsackievirus and adenovirus. 
 
Treatment  Isolate  Poliovirus  Coxsackievirus  Adenovirus 
    T90  T90  T90 
1 - Positive  3A  -18.0  -62.1  -27.1 
4B  -14.0  -26.1  -16.2 
1G  -15.7  -37.8  -27.4 
9G  -19.7  -35.0  -27.0   88 
 
Treatment  Isolate  Poliovirus  Coxsackievirus  Adenovirus 
neg  -469.4  ND  -228.2 
         
2 - Filtered  3A  -86.7  -46.9  -39.8 
4B  -245.8  -78.9  ND 
1G  -64.0  -47.4  ND 
9G  -43.9  -324.5  -25.8 
neg  -61.2  -150.5  ND 
         
3 – NaAz3  3A  -25.9  -66.6  -32.4 
4B  -31.4  -70.6  -43.6 
1G  -36.1  -87.6  -41.3 
9G  -17.5  -78.2  -49.6 
neg  ND  -100.2  ND 
         
4 -Peptone  3A  -16.6  -88.0  -17.2 
4B  -25.2  -69.3  -12.6 
1G  -19.0  -67.3  -16.4 
9G  -15.9  -85.7  -21.4 
neg  ND  ND  -38.9 
         
5 -Glucose  3A  -17.2  -29.6  -444.5 
4B  -16.8  -23.3  -48.5 
1G  -15.4  -23.0  -176.1 
9G  -13.9  -45.1  -408.4 
neg  -62.9  -223.5  -95.6 
         
6 - Filtered then Heated  3A  -470.7  ND  -57.0 
4B  -88.8  ND  ND 
1G  ND  ND  -397.3 
9G  ND  -682.6  -261.5 
neg  -481.7  ND  -258.8 
         
7 - Heated  3A  -120.1  ND  -22.3 
4B  -214.2  -173.4  -122.2 
1G  ND  -163.5  -457.0 
9G  ND  ND  -181.6 
neg  -45.4  -176.3  -88.5 
         
8 - Heated then Filtered  3A  -173.9  -223.7  -47.7 
4B  -222.6  ND  -75.8 
1G  -329.2  ND  -96.5  
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Treatment  Isolate  Poliovirus  Coxsackievirus  Adenovirus 
9G  -91.9  -72.9  -53.8 
neg  -140.7  -90.8  -243.3 
         
9 - RNase inhibitor  3A  -55.9  -125.0   
4B  -80.9  -468.8   
1G  -71.4  ND   
9G  -59.7  -229.0   
neg  -45.4  ND   
         
10 - Protease inhibitor   3A  ND  -37.2  -217.1 
4B  ND  -40.4  ND 
1G  -680.7  -39.2  ND 
9G  ND  -43.0  -7.0 
neg  -87.2  ND  -45.2 
         
11 - RNase and Protease inhibitors  3A  -157.9  -42.8  -35.8 
4B  -140.4  -47.9  -76.1 
1G  -138.3  -40.5  -37.3 
9G  -144.8  -44.7  -44.5 
neg  -133.2  ND  ND 
         
12 - AnO2  3A  -314.9  ND  -67.2 
4B  -123.7  ND  -139.3 
1G  -239.3  ND  -24.8 
9G  -88.1  ND  -67.2 
neg  -133.0  ND  -37.2   90 
 
Table 3.3: P-values from statistical comparison of eleven treatments versus positive control against poliovirus, coxsackievirus and adenovirus. Shaded cells indicate where no significant difference (to the +ve 
control) was observed. 
 
  Filtered 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.00  0.08  0.01 
4B 
 
0.01  0.00  0.00 
9G 
 
0.00  0.01  0.33 
1G 
 
0.01  0.07  0.00 
  NaAz
Isolate 
 
3 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.05  0.31  0.20 
4B 
 
0.00  0.00  0.00 
9G 
 
0.11  0.00  0.02 
1G 
 
0.07  0.01  0.19 
  Peptone 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.23  0.02  0.00 
4B 
 
0.00  0.00  0.00 
9G 
 
0.01  0.00  0.07 
1G 
 
0.09  0.00  0.00 
  Glucose 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.35  0.01  0.01 
4B 
 
0.00  0.00  0.00 
9G 
 
0.00  0.01  0.00 
1G 
 
0.37  0.01  0.01 
 
 
  Heated then Filtered 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.03  0.00  0.00 
4B 
 
0.00  0.00  0.00 
9G 
 
0.00  0.03  0.00 
1G 
 
0.00  0.00  0.02 
  Heated 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.01  0.00  0.00 
4B 
 
0.03  0.00  0.04 
9G 
 
0.00  0.00  0.03 
1G 
 
0.00  0.00  0.00 
  Filtered then Heated 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.02  0.00  0.00 
4B 
 
0.00  0.00  0.00 
9G 
 
0.00  0.00  0.00 
1G 
 
0.03  0.00  0.00 
  RNase Inhibitor 
Isolate 
 
Poliovirus  Coxsackievirus 
3A 
 
0.01  0.00 
4B 
 
0.01  0.00 
9G 
 
0.02  0.01 
1G 
 
0.00  0.00 
 
 
  Protease Inhibitor 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.00  0.02  0.00 
4B 
 
0.00  0.01  0.00 
9G 
 
0.00  0.10  0.00 
1G 
 
0.00  0.35  0.00 
  RNase and Protease Inhibitor 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.00  0.07  0.00 
4B 
 
0.00  0.03  0.00 
9G 
 
0.01  0.07  0.02 
1G 
 
0.01  0.32  0.00 
  AnO2 
Isolate 
 
Poliovirus  Coxsackievirus  Adenovirus 
3A 
 
0.04  0.00  0.01 
4B 
 
0.00  0.00  0.00 
9G 
 
0.00  0.00  0.04 
1G 
 
0.04  0.00  0.20 
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3.3.1 Influence of Treatment and Isolates on Viral Decay 
 
3.3.1.1 Isolate 3A 
 
All resulting T90 values for each of the treatments tested against isolate 3A are 
compared to the positive controls (-18.0 days for poliovirus, -62.1 days for coxsackievirus, 
and –27.1 days for adenovirus).  Graphical results for isolate 3A can be found in Figure 3.2. 
Poliovirus decay required the presence of isolate 3A (Filtered T90 -86.7 days) 
although the lack of metabolic activity of the isolate did not result in any significant reduction 
in decay (NaAz3  T90  -25.9 days). The addition of peptone and glucose caused a slight 
increase in viral decay with increased T90 values (T90 -16.7 days and -17.2 days respectively). 
These increases in decay were only minor however, and were found to be not statistically 
significant different when compared to the positive control. The NaAz3 treatment was also 
found to have no statistically significant difference from the positive control with p-value 
greater than 0.05. All other treatments on the other hand showed statistically significant 
differences in the rate of poliovirus decay compared to the positive control with p-values of 
less than 0.05.  
All of the treatments involving heat resulted in a large reduction in the decay of 
poliovirus in the isolate 3A samples (T90 Filtered then Heated -470.7 days, Heated -120.1 
days and Heated then Filtered -173.9 days). The addition of RNase inhibitor reduced 
poliovirus decay with a T90 of -55.9 days, while the addition of protease inhibitor resulted in 
little to no poliovirus decay. The T90 values in the presence of the combination of both 
enzyme inhibitors was -157.9 days (greater than negative control, T90 -133.19) and in the   92 
 
anaerobic chamber, the T90 values were also greater than negative controls (T90 -133.01) 
indicating little decay of poliovirus took place in these treatments.  
A similar decay rate was observed for Coxsackievirus when this virus was in direct 
contact with isolate 3A (Positive) (T90 -62.1 days), when the isolate 3A had been physically 
removed from the solution by filtering (Filtered) (T90 -46.9 days) and when the bacterial cells 
were metabolically inactivated through the addition of NaAz3 (T90 -66.6 days). All of these 
decay rates were not statistically different from each other with p-values greater than 0.05.  
The addition of peptone did not increase decay of Coxsackievirus compared to the 
positive control (T90 -88.00 days), although the addition of glucose appeared to increase 
coxsackievirus decay (T90 -29.6 days). All of the treatments that involved heating resulted in 
little decay of coxsackievirus and the addition of enzymes inhibiters also reduced 
coxsackievirus decay with the largest reduction in decay shown in the presence of RNase 
inhibitor (T90 -125.0 days). Very little decay of coxsackievirus was also observed when it was 
incubated with Isolate 3A under anaerobic conditions (T90 ND) with a significantly different 
T90 to the positive control. 
A reduction in the decay of Adenovirus was observed when isolate 3A was filtered 
from solution (T90 Positive -27.1 days and T90 Filtered -39.8 days). Adenovirus had a very 
similar T90 value to the filtered treatment when the isolate was activated by NaAz3 (T90 -
32.4 days). The decay of adenovirus in the NaAz3 treatment was not statistically different 
from the positive control with a p-value of 0.20.  
The addition of peptone increased adenovirus decay (T90 -17.2 days), whereas the 
addition of glucose resulted in little adenovirus decay with a larger T90 than the negative 
control (T90 -444.5 days, neg T90 –95.6). All of the treatments of isolate 3A involving  
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heating also resulted in little adenovirus decay, as did the addition of protease inhibitor and 
incubation under anaerobic conditions, and all T90 values were found to be statistically 
different from the positive control with p-values less than 0.05.   94 
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Figure 3.2: Decay of poliovirus –, coxsackievirus –, and adenovirus – in the presence of isolate 3A.  
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3.3.1.2 Isolate 4B 
 
All resulting T90 values for each of the treatments tested against isolate 4B are 
compared to the positive controls (-14.0 days for poliovirus, -26.1 days for coxsackievirus, 
and –16.2 days for adenovirus). All treatments of isolate 4B were shown to be statistically 
different from the positive control with p-values of less than 0.05 as shown in Table 3.3. 
Graphical results for isolate 4B can be found in Figure 3.3. 
Poliovirus showed a reduction in decay when the isolate 4B bacterial cells had been 
removed via filtration (T90 -245.8 days). A slight reduction in poliovirus decay was observed 
when isolate 4B was inactivated by the presence of NaAz3 (T90 -31.4 days). The addition of 
peptone reduced the decay of poliovirus compared to the positive control with a T90 of -
25.2 days, while the addition of glucose had only slight influence on poliovirus decay (T90 = 
-16.8 days).  
The heating of the solutions containing isolate 4B resulted in reduced poliovirus 
decay (T90 values Filtered then Heated -88.8, Heated -214.20, and Heated then Filtered -222 
days). The addition of enzyme inhibitors reduced poliovirus decay compared to the positive 
control, with the most significant reduction of poliovirus copy numbers shown in the 
presence of protease inhibitor (no decay ND). There was little decay of poliovirus under 
anaerobic conditions (T90 -123.69 days) or in the negative controls with T90 values ranging 
from –61.18 through to ND. 
A reduction in the decay of Coxsackievirus was observed when the isolate 4B 
bacterial cells were filtered out of solution and also in the presence of NaAz3 inactivated 
bacterial cells with T90 values for the filtered treatment -79.0 days and NaAz3 -70.6 days. The   96 
 
addition of peptone decreased the rate of coxsackievirus decay to -69.3 days, whereas the 
addition of glucose increased the decay of coxsackievirus slightly (T90 -23.3 days). All of the 
heated treatments of isolate 4B and incubation under anaerobic conditions resulted in little 
coxsackievirus decay, as in the negative control with T90 values for many ND. The addition 
of RNase inhibitor resulted in the largest reduction in coxsackievirus decay with a T90 value 
of -468.8 days. All treatments containing isolate 4B and coxsackievirus were shown so be 
significantly different from the positive control with p-values less than 0.05.   
Adenovirus showed greatly reduced decay when isolate 4B cells were filtered from 
solution and also reduced decay when the cells of isolate 4B were inactivated by NaAz3 (T90 
Positive -16.2 days, Filtered ND and NaAz3 -43.6 days). Compared to the T90 in the positive 
control, the addition of peptone increased adenovirus decay to -12.6 days, whereas the 
addition of glucose reduced adenovirus decay to -48.5 days. Heat treatment of isolate 4B and 
incubation under anaerobic conditions resulted in little adenovirus decay. The greatest 
reduction in adenovirus decay was shown in the presence of enzyme inhibitors, which 
resulted in less adenovirus decay than the negative control (T90 –45.5 and ND). All 
treatments containing isolate 4B and adenovirus were found to be significantly different with 
p-values less than 0.05.  
97 
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
Positive
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Filtered
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Sodium Azide
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
Peptone
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Glucose
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Filtered then Heated
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
Heated
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Heated then Filtered
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
RNase Inhibitor
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
Sample Time (days)
Protease Inhibitor
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Sample Time (days)
RNase and Protease Inhibitor
0 5 10 15 20 25 30 35
10
2
10
3
10
4
10
5
10
6
10
7
10
8
Sample Time (days)
Anaerobic
 
Figure 3.3: Decay of poliovirus –, coxsackievirus –, and adenovirus – in the presence of isolate 4B. 
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3.3.1.3 Isolate 1G 
 
All resulting T90 values for each of the treatments tested against isolate 1G are 
compared to the positive controls (-15.7 days for poliovirus, -37.8 days for coxsackievirus, 
and -27.4 days for adenovirus). Graphical results for isolate 1G can be found in Figure 3.4. 
Poliovirus showed significantly reduced decay (p-value less than 0.05) when 
incubated in the solution where the cells of isolate 1G had been removed by filtration, and 
when isolate 1G was inactive due to NaAz3 with T90 values of -64.0 days in the filtered 
treatment and -36.1 days when the cells of isolate 1G were metabolically inactive. The 
addition of peptone reduced poliovirus decay slightly to a T90 of -19.0 days, whereas the 
addition of glucose resulted in no difference in decay compared to the positive control (T90 -
15.4 days).  
The heating of isolate 1G cells, the addition of enzyme inhibitors and incubation 
under anaerobic conditions resulted in a greatly reduced poliovirus decay when compared to 
the positive control, with the treatment containing protease inhibitors resulting in the lowest 
T90 of ND. 
Decay in the NaAz3  treatment and nutrient treatments were found to be not 
statistically different to the positive control with p-values greater then 0.05, while all other 
treatments showed p-values of less than 0.05 indicating significant statistical differences to 
the decay of poliovirus in the positive control.  
Coxsackievirus showed reduced decay when incubated with in the solution where the 
cells of isolate 1G had been removed by filtration, and when isolate 1G cells were inactive 
due to the addition of NaAz3  with T90 values of -47.4 days in the filtered treatment and - 
99 
87.6 days when isolate 1G was inactive. The filtered treatment for coxsackievirus where 1G 
cells were removed was found to be not statistically different to the positive control with a p-
value of 0.07 but the metabolic inactivation of the isolate 1G cells did cause a significant 
decrease in decay.  
Peptone decreased coxsackievirus decay to -67.3 days, whereas the addition of 
glucose increased coxsackievirus decay to -23.0 days. The use of heat treatment and 
incubation under anaerobic conditions resulted in little to no coxsackievirus decay, as in the 
negative controls (T90 neg Heated –176.3 days, neg Heated then Filtered –90.9 days and 
ND). The treatment containing RNase inhibitor resulted in the greatest reduction in 
coxsackievirus decay (T90 ND) while in the presence of Protease inhibitor decay was –39.4 
and in the presence of both inhibitors decay was –40.5 days.  
Adenovirus showed no decay when incubated with filtered isolate 1G, and only 
slightly reduced decay when the cells of isolate 1G were inactive due to NaAz3 with T90 
values of ND in the filtered treatment and -41.3 days when cells of isolate 1G were inactive. 
The decay of adenovirus in the treatment containing NaAz3 was not statistically different to 
the positive control with a p-value of 0.19. The addition of peptone increased adenovirus 
decay to -16.4 days, whereas the addition of glucose resulted in a reduction in adenovirus 
decay to -176.1 days. The heat treatments resulted in little to no decay of adenovirus. The 
addition of protease inhibitors resulted in the least decay of adenovirus. Decay of adenovirus 
under anaerobic conditions was greater than the positive control (T90 -24.8 days), although 
this decay rate was not statistically different with a p-value of 0.20.    100 
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Figure 3.4: Decay of poliovirus –, coxsackievirus –, and adenovirus – in the presence of isolate 1G. 
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3.3.1.4 Isolate 9G 
 
All resulting T90 values for each of the treatments tested against isolate 9G are 
compared to the positive controls (-19.7 days for poliovirus, -35.0 days for coxsackievirus, 
and -27.0 days for adenovirus). Graphical results for isolate 9G can be found in Figure 3.5. 
Poliovirus showed a similar decay in the presence of inactive isolate 9G cells due to 
the presence of NaAz3 (T90 -17.5 days) but poliovirus decay increased slightly when isolate 
9G cells were filtered out of solution with a T90 of -43.9 days. Only the decay rate of the 
NaAz3 treatment was not statistically different to the positive control with a p-value of 0.11.  
The addition of both peptone and glucose to the diluted R2A broth increased poliovirus 
decay slightly with T90 values of -15.9 and -13.9 days respectively. The treatments involving 
heating and incubation under anaerobic conditions resulted in little or no decay of poliovirus. 
The addition of protease inhibitor resulted in the greatest reduction in poliovirus decay, 
greater than the negative control (T90 Protease inhibitor ND and neg –87.2).  
In comparison to poliovirus, the decay of Coxsackievirus was reduced when the cells 
of isolate 9G were filtered out of solution (T90 -324.5 days). The inactivation of the cells of 
isolate 9G by NaAz3 caused a decay of coxsackievirus (T90 -78.2 days) that was also much 
less than was observed for poliovirus under these conditions for this isolate. The addition of 
either peptone or glucose resulted in a reduction in coxsackievirus decay (T90 -85.7 days and 
-45.1 days respectively). The heated treatments incubation under anaerobic conditions greatly 
reduced decay compared to the positive control. The addition of RNase inhibitor resulted in 
the greatest reduction in coxsackievirus decay (T90 –229.0), similar to the negative control 
with ND.    102 
 
Adenovirus had a similar T90 decay time to the positive control when the Isolate 9G 
cells were filtered from solution (positive control T90 -27.0 days, Filtered T90 -25.8 days). 
Adenovirus decay was greatly reduced when isolate 9G cells were inactive by NaAz3 (T90 -
49.7 days) and this was found to be statistically significantly different. The addition of 
peptone increased adenovirus decay slightly to -21.4 days, while the addition of glucose 
greatly reduced adenovirus decay to -176.1 days. Both the filtered treatment and the peptone 
treatment were not statistically different to the positive control with p-values greater than 
0.05. Heat treatments and incubation under anaerobic conditions resulted in little to no 
adenovirus decay compared to the positive control, while the addition of protease inhibitors 
resulted in the greatest decay of adenovirus (T90 –7.00 days).  
103 
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Figure 3.5: Decay of poliovirus –, coxsackievirus –, and adenovirus – in the presence of isolate 9G.   104 
 
 
3.3.2 Comparison of Viral Decay Produced from Each Isolate in Different Treatments 
 
 
Ranking of viral decay for each isolate under each treatment is shown in Table 3.4, 
while ratios between T90 decay values for each virus between isolates are shown in Table 3.5. 
There is no major trend across all treatments in terms of one dominant isolate. Ratios 
between isolates for each virus and treatment show the most variation in treatments involved 
heat treatment and enzyme inhibition. Values greater than 1.00 indicate slower viral decay, 
while values less than 1.00 indicate faster viral decay. 
Table 3.4: Ranking of isolate decay activity against poliovirus, coxsackievirus and 
adenovirus for each treatment (blank cells indicate no decay was observed). 
 
Treatment   Virus  Most decay   Least decay 
1 - Positive Control  Poliovirus  4B  1G  3A  9G 
  Coxsackievirus  4B  9G  1G  3A 
  Adenovirus  4B  9G  1G  3A 
 
2 – Filtered  Poliovirus  9G  1G  3A  4B 
  Coxsackievirus  3A  1G  4B  9G 
  Adenovirus  9G  3A     
 
3 - NaAz3  Poliovirus  9G  3A  4B  1G 
  Coxsackievirus  3A  4B  9G  1G 
  Adenovirus  3A  1G  4B  9G 
 
4 – Peptone  Poliovirus  9G  3A  1G  4B 
  Coxsackievirus  1G  4B  9G  3A 
  Adenovirus  4B  1G  3A  9G 
           
5 – Glucose  Poliovirus  9G  1G  3A  4B 
  Coxsackievirus  1G  4B  3A  9G 
  Adenovirus  4B  1G  9G  3A 
           
6 - Filtered then Heated  Poliovirus  4B  3A     
  Coxsackievirus  9G       
  Adenovirus  3A  9G  1G   
           
7 – Heated  Poliovirus  3A  4B     
  Coxsackievirus  1G  4B     
  Adenovirus  3A  4B  9G  1G 
            
  105 
Treatment   Virus  Most decay   Least decay 
8 - Heated then Filtered   Poliovirus  9G  3A  4B  1G 
  Coxsackievirus  9G  3A     
  Adenovirus  3A  9G  4B  1G 
           
9 - RNase Inhibitor  Poliovirus  3A  9G  1G  4B 
  Coxsackievirus  3A  9G  4B   
           
10 - Protease Inhibitor  Poliovirus  1G       
  Coxsackievirus  3A  1G  4B  9G 
  Adenovirus  9G  3A     
           
11 - RNase and Protease Inhibitor  Poliovirus  1G  4B  9G  3A 
  Coxsackievirus  1G  3A  9G  4B 
  Adenovirus  3A  1G  9G  4B 
           
12 – AnO2  Poliovirus  9G  4B  1G  3A 
  Coxsackievirus         
  Adenovirus  1G  3A  9G  4B 
 
 
 
Table 3.5: Ratio difference in T90 decay values (blank cells indicate no decay was 
observed). 
 
1 - Positive Control 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  0.89  0.78  0.71  1.00  0.69  0.42  0.75  1.00  0.59  0.60  0.60 
1G  1.12  1.00  0.87  0.80  1.45  1.00  0.61  1.08  1.69  1.00  1.01  1.01 
3A  1.29  1.15  1.00  0.91  2.38  1.64  1.00  1.77  1.67  0.99  1.00  1.00 
9G  1.41  1.25  1.09  1.00  1.34  0.93  0.56  1.00  1.67  0.99  1.00  1.00 
                         
2 – Filtered 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  3.84  2.84  5.60  1.00  1.66  1.68  0.24  1.00       
1G  0.26  1.00  0.74  1.46  0.60  1.00  1.01  0.15    1.00     
3A  0.35  1.35  1.00  1.97  0.59  0.99  1.00  0.14      1.00  1.54 
9G  0.18  0.69  0.51  1.00  4.11  6.85  6.92  1.00      0.65  1.00 
                         
3 - NaAz3 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  0.87  1.21  1.79  1.00  0.81  1.06  0.90  1.00  1.06  1.35  0.88 
1G  1.15  1.00  1.39  2.06  1.24  1.00  1.32  1.12  0.95  1.00  1.27  0.83 
3A  0.82  0.72  1.00  1.48  0.94  0.76  1.00  0.85  0.74  0.78  1.00  0.65 
9G  0.55  0.48  0.68  1.00  1.11  0.89  1.17  1.00  1.14  1.20  1.53  1.00 
                           106 
 
4 – Peptone 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  1.33  1.52  1.58  1.00  1.03  0.79  0.81  1.00  0.77  0.73  0.59 
1G  0.75  1.00  1.14  1.19  0.97  1.00  0.76  0.79  1.30  1.00  0.95  0.77 
3A  0.66  0.87  1.00  1.04  1.27  1.31  1.00  1.03  1.37  1.05  1.00  0.80 
9G  0.63  0.84  0.96  1.00  1.24  1.27  0.97  1.00  1.70  1.31  1.24  1.00 
                         
5 – Glucose 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  1.09  0.98  1.21  1.00  1.01  0.79  0.52  1.00  0.28  0.11  0.12 
1G  0.92  1.00  0.90  1.11  0.99  1.00  0.78  0.51  3.63  1.00  0.40  0.43 
3A  1.02  1.12  1.00  1.24  1.27  1.29  1.00  0.66  9.16  2.52  1.00  1.09 
9G  0.83  0.90  0.81  1.00  1.94  1.96  1.52  1.00  8.42  2.32  0.92  1.00 
                         
6 - Filtered then Heated 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00    0.19    1.00        1.00       
1G    1.00        1.00        1.00  6.97   
3A  5.30    1.00        1.00      0.14  1.00  0.22 
9G        1.00        1.00      4.59  1.00 
                         
7 – Heated 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00    1.78    1.00  1.06      1.00  0.27  5.48  0.67 
1G    1.00      0.94  1.00      3.74  1.00  20.49  2.52 
3A  0.56    1.00        1.00    1.82  0.05  1.00  0.12 
9G        1.00        1.00  1.49  0.40  8.14  1.00 
                         
8 - Heated then Filtered 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  0.68  1.28  2.42  1.00        1.00  0.79  1.59  1.41 
1G  1.48  1.00  1.89  3.58    1.00      1.27  1.00  2.02  1.79 
3A  0.78  0.53  1.00  1.89      1.00  3.07  0.63  0.49  1.00  0.89 
9G  0.41  0.28  0.53  1.00      0.33  1.00  0.71  0.56  1.13  1.00 
                         
9 - RNase Inhibitor 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
 
4B  1.00  1.13  1.45  1.36  1.00    3.75  2.05 
1G  0.88  1.00  1.28  1.20    1.00     
3A  0.69  0.78  1.00  0.94  0.27    1.00  0.55 
9G  0.74  0.84  1.07  1.00  0.49    1.83  1.00 
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10 - Protease Inhibitor 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00        1.00  1.03  1.09  0.94  1.00       
1G    1.00      0.97  1.00  1.05  0.91    1.00     
3A      1.00    0.92  0.95  1.00  0.87      1.00  31.01 
9G        1.00  1.06  1.10  1.16  1.00      0.03  1.00 
                         
11 - RNase and Protease Inhibitor 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  1.02  0.89  0.97  1.00  1.18  1.12    1.00  2.04  2.13  1.71 
1G  0.99  1.00  0.88  0.96  0.85  1.00  0.95    0.49  1.00  1.04  0.84 
3A  1.12  1.14  1.00  1.09  0.89  1.06  1.00    0.47  0.96  1.00  0.80 
9G  1.03  1.05  0.92  1.00  0.93  1.10  1.04  1.00  0.58  1.19  1.24  1.00 
                         
12 – AnO2 
  Poliovirus 
4B     1G      3A     9G 
Coxsackievirus 
4B     1G      3A     9G 
Adenovirus 
4B     1G      3A     9G 
4B  1.00  0.52  0.39  1.40  1.00        1.00  5.62  2.07  2.07 
1G  1.93  1.00  0.76  2.72    1.00      0.18  1.00  0.37  0.37 
3A  2.55  1.32  1.00  3.57      1.00    0.48  2.71  1.00  1.00 
9G  0.71  0.37  0.28  1.00        1.00  0.48  2.71  1.00  1.00 
                         
 
3.3.2.1 Positive Control 
 
All groundwater isolates showed a reduction of poliovirus, coxsackievirus and 
adenovirus numbers with T90 values ranging from 14 days to 62.1 days.  Isolate 4B resulted 
in the fastest decay of all three viruses while poliovirus showed the fastest decay out of the 
viruses overall in the presence of all groundwater isolates, ranking shown in Table 3.4 
confirmed this trend. The greatest influence on poliovirus decay was shown by isolate 4B 
with a T90 of 14 days, followed by isolate 1G with a T90 of 15.7 days, 3A with a T90 of 18 
days and 9G with a T90 of 19.7 days. Adenovirus showed a similar reduction in numbers in 
the presence of all four isolates with the greatest reduction shown in the presence of isolate 
4B with a T90 of 16.2 days. Adenovirus decay in the presence of the remaining three isolates   108 
 
resulted in a T90 of 27 days for 3A and 9G and 27.4 days in the presence of isolate 1G.  
Reduction of coxsackievirus numbers showed the greatest variation between groundwater 
isolates, with the fastest decay of 26.1 days shown in the presence of 4B. Incubation of 
coxsackievirus with isolate 9G resulted in the next fastest decay of 35 days, followed by 
incubation with isolate 1G resulting in a T90 of 37.8 days. Isolate 3A showed the least 
influence in the decay of coxsackievirus with a T90 of 62.1 days. Ratios between T90 decay 
values indicated decay of viruses was relatively uniform across each isolate.  
3.3.2.2 Removal of Bacterial Cells by Filtration 
 
The removal of bacterial cells from the diluted medium by filtration prior to 
incubation with poliovirus, coxsackievirus and adenovirus resulted in slower decay in most 
cases. Isolate 4B showed the greatest change in influence with T90 values increasing from 14 
days to 245.8 days for poliovirus decay, 26.1 days to 78.9 days for coxsackievirus decay, and 
16.2 days to no decay for adenovirus reduction. Ranking of viral decay indicated isolate 4B to 
be the most effected by filtration across all viruses, while 9G was the least effected, as shown 
in Table 3.4.  
The results of filtering on the remaining isolates in reduction of viral numbers varied 
amongst isolate and virus type. The removal of 3A cells resulted in a reduction of poliovirus 
decay with T90 values reducing from 18 days to 86.7 days. Decay of adenovirus was also 
slightly limited with T90 values reducing from 27.1 days to 39.8 days. Filtering 3A cells 
appeared to have little effect on the reduction of coxsackievirus numbers.  
The removal of 9G cells resulted in a slight reduction of poliovirus decay with T90 
values reducing from 19.7 days to 43 days. Decay of coxsackievirus was also highly limited  
  109 
with T90 values reducing from 35 days to 324.5 days. Filtering 9G cells appeared to have 
little effect on the reduction of adenovirus numbers.  
The removal of 1G cells resulted in poliovirus decay being reduced with T90 values 
reducing from 15.7 days to 64 days. Decay of coxsackievirus was also slightly limited with 
T90 values reducing from 37.8 days to 47.4 days. Filtering of 1G cells resulted in no decay of 
adenovirus.  
3.3.2.3 Metabolic Inhibition of Bacterial Cells  
 
As with filtering of bacterial cells, the inactivation of bacterial cells by metabolic 
inhibition resulted in various changes in viral decay depending on isolate and virus type. Viral 
decay by all four isolates was reduced by varying degrees with the exception of poliovirus 
decay in the presence of isolate 9G. T90 values were not significantly different with a p-value 
of 0.11 when compared to the positive control. Metabolic inhibition of isolate 3A resulted in 
a slight reduction of T90 values against all three viruses. Greater reductions in viral decay by 
metabolic inhibition were shown for the isolates 4B, 9G and 1G. Ranking showed overall 
that isolate 1G was most affected by metabolic inhibition, while isolate 3A was least effected, 
as shown in Table 3.4. Ratios of viral decay values showed T90 values were quite uniform 
across all isolates, as shown in Table 3.5. 
3.3.2.4 Additional Nutrients 
 
The addition of nutrients in the form of peptone or glucose resulted in various 
changes in viral decay dependant on isolate and virus type. Ranking of viral decay did not 
show a pattern with additional peptone, however isolate 1G resulted in the fastest viral decay 
with the addition of glucose. Addition of peptone or glucose to isolate 3A resulted in a very   110 
 
slight increase in poliovirus decay from 18 days to 16.7 days and 17.2 days, respectively. 
Peptone added to isolate 3A resulted in a reduction of coxsackievirus decay to 88 days from 
62.1 days, whereas additional glucose resulted in an increase of viral decay to 29.6 days. 
Nutrient additions to isolate 3A had the opposite effect on adenovirus reduction with decay 
increasing to 17.2 days from 27.1 days with the addition of peptone but decreasing to 444.5 
days with additional glucose. 
Peptone or glucose added to isolate 4B resulted in a slight reduction in poliovirus 
decay from 14 days to 25.2 days or 16.8 days respectively. Additional peptone resulted in a 
reduction in coxsackievirus decay from 26.1 to 69.3 days, whereas additional glucose increase 
decay slightly to 23.3 days. Adenovirus reduction followed the opposite trend in the presence 
of isolate 4B and additional nutrients with decay increasing slightly from 16.2 days to 12.6 
days with added peptone and reducing to 48.5 days with added glucose. 
Addition of peptone or glucose to isolate 9G resulted in a slight increase in poliovirus 
decay from 19.7 days to 15.9 days and 13.8 days, respectively. Peptone or glucose added to 
isolate 9G resulted in a reduction of coxsackievirus decay to from 62.1 days to 85.7 days and 
45.1 days, respectively. Additional nutrients resulted in a increase in adenovirus decay from 
27 days in the positive control to 21.4 days with peptone, but decreased decay to 408.4 days 
with glucose. 
Additional peptone added to isolate 1G resulted in a slight decrease in poliovirus 
decay from 15.7 days to 19 days, while additional glucose had no influence on viral decay. 
Peptone added to isolate 1G resulted in a reduction of coxsackievirus decay from 37.8 days 
to 67.3 days, whereas additional glucose resulted in an increase of viral decay to 23 days. 
Nutrient additions to isolate 1G had the opposite effect on adenovirus reduction with decay  
  111 
increasing to 16.4 days from 27.4 days with the addition of peptone but decreasing to 176.1 
days with additional glucose. 
3.3.2.5 Heat Treatment of Bacterial Cells and Cell Free Extracts  
 
Any manipulations involving heat treatment of the four groundwater isolates resulted 
in little to no decay of poliovirus, coxsackievirus or adenovirus. Statistical analysis of all T90 
values determined all results to be significantly different when compared to positive controls 
with p-values of less than 0.05. Ranking of viral decay did not show a pattern across the 
isolates and T90 ratios varied considerably, as shown in Tables 3.4 and 3.5. 
3.3.2.6 Addition of Enzyme Inhibitors 
 
The addition RNase inhibitor resulted in a reduction of viral decay or no decay to be 
shown by the two RNA viruses in the presence of isolates 3A, 4B, 9G or 1G. Ranking of 
viral decay showed a trend with isolate 3A resulting in the fastest viral decay, with isolate 4B 
resulting in the least viral decay, as shown in Table 3.4. 
The addition of protease inhibitor to all four groundwater isolates generally resulted 
in slower viral decay and in many cases, no decay was shown. Coxsackievirus decay was the 
main exception with equal or faster decay shown in the presence of isolates 3A, 9G and 1G 
when compared to positive controls. Adenovirus decay in the presence of isolate 9G was also 
faster with added protease inhibiter.  
The addition of both RNase inhibitor and protease inhibitor resulted in a slower 
decay of poliovirus, coxsackievirus and adenovirus in the presence of all groundwater isolates 
compared to the positive control. Adenovirus decay in the presence of isolate 1G, however, 
was slightly faster with added protease inhibitor than the two RNA viruses with a T90 of -  112 
 
24.8, compared to the positive control with a T90 of -27.4, although this was not found to be 
statistically significant. Decay of coxsackievirus in the presence of both inhibitors resulted in 
similar decay as shown only in the presence of protease inhibitor, in the presence of all four 
groundwater isolates. Decay of poliovirus appeared to be reduced when both inhibitors were 
added. 
3.3.2.7 Incubation Under Anaerobic Conditions 
 
Incubation under anaerobic conditions resulted in little to no decay of all three 
viruses and ranking of T90 decay values did not show a trend across viruses or isolates.  
Isolate 1G, however, resulted in a T90 reduction of adenovirus of 24.8 days. This was a 
slightly faster reduction than the positive control (27.4 days) and was not shown to be 
significantly different with a p-value of 0.20. 
 
3.3.3 Groundwater Isolate Numbers 
 
Groundwater isolate numbers were monitored over the course of experiments to 
ensure survival or sterility dependent on the treatment carried out. Treatment 2 (filtered), 3 
(NaAz2), and the heat treatments 6, 7 and 8 remained without the presence of active, 
culturable cells throughout the experiment with no bacterial growth. Isolate growth was 
maintained over the course of the experiment in the positive control as shown in Figure 3.5, 
treatments 4 and 5 with added nutrients and in treatments 9 through 11, with added enzyme 
inhibitors.   
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Figure 3.6: Groundwater isolate numbers 3A  ■, 4B  ●, 1G ▲ and 9G ▼ in the positive 
control where (a) poliovirus and adenovirus treatments and (b) coxsackievirus treatments. 
 
3.4 Discussion 
 
It is already recognised that enteric viruses decay in groundwater (Keswick et al., 
1982; Toze and Hanna, 2002; Yates et al., 1985) and that a major factor determining the 
decay of these viruses are the autochthonous groundwater microorganisms as shown in the 
previous chapter (Gordon and Toze, 2003, Wall et al., 2004).  The mechanisms by which the 
groundwater microorganisms cause this decay, however, are still poorly understood. A better 
understanding of the decay process will be needed as methods such as managed aquifer 
recharge using reclaimed waters (Dillon et al., 1999) and the management of groundwater in 
urban areas become more important.   114 
 
The aim of these experiments was to attempt to characterise the individual influence 
of each selected groundwater isolate under varying conditions. Manipulating experimental 
conditions may give insight into the compounds responsible for viral decay. Varying a range 
of conditions could indicate whether compounds are closely associated with bacterial cells or 
not, are independent of metabolic activity, are heat labile or are enzymatic in nature. All four 
selected isolates (1G, 3A, 4B and 9G) were screened against poliovirus type 1, coxsackievirus 
B3 and adenovirus B41. Twelve conditions tested included a positive control in 1:10 R2A, 
filtered to remove bacterial cells with a 0.2/0.8 µm filter, with the addition of the metabolic 
inhibitor NaAz3, the addition of nutrients, both 1 % peptone and 1 % glucose, filtered 
through a 0.2/0.8 µm filter to remove bacterial cells and the heated to 60 ˚C for 10 min, 
heated to 60˚C for 10 min, heated to 60˚C for 10 min then filtered through a 0.2/0.8 µm 
filter to remove bacterial cells, with the addition of RNase inhibitor, with the addition of 
protease inhibitor, with the addition of both RNase and protease inhibitors, and finally 
within an anaerobic chamber. Dilute R2A medium was used in preference to natural filtered 
oligotrophic groundwater in order to standardise experiments. Dilute R2A provided a low 
level of nutrients to support the growth of groundwater isolates, while removing the 
variability that may exist in groundwater sampled at different occasions and from different 
locations. Similar results obtained using filtered groundwater and dilute R2A support the 
selection of this as a standard media (Gordon et al., 2002; Wall, 2001; Wall et al., 2004). 
The results of screening isolates 1G, 3A, 4B and 9G showed a general trend across all 
viruses and isolates with little to no decay in heat treatments or with the addition of enzyme 
inhibitors. Filtering reduced decay, whilst the metabolic inhibitor NaAz3 had less influence on 
reducing decay. Additional nutrients had varying influence and little decay of the viruses was 
observed by these four isolates under anaerobic conditions.  
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The influence of enzyme inhibitors, heat treatments and decay shown in the presence 
of the metabolic inhibitor NaAz3, indicates that viral degradation is of an extracellular 
enzymatic nature. As viral numbers are monitored by nucleic acid copy numbers rather than 
via infectivity assays, the viral protein coats must be the first step in degradation followed by 
the removal of the viral nucleic acid. This two step process would require both protease and 
nuclease enzymes to result in loss of viral numbers as measured by RT-PCR/PCR. Many 
enzymes are heat labile at high temperatures and are inactivated due to loss of tertiary 
structure (Stryer, 1995). Enzymes are also influenced by inhibitors and, as the results clearly 
show, the use of enzyme inhibitors resulted in considerable reductions in viral decay. There 
are examples however of enzymes not affected by heat treatment, such as heat stable 
protease and DNase produced by Pseudomonas aeruginosa and Yersinia enterocolitica, respectively 
(Nakajima et al., 2000; Oh et al., 2000). RNase is a particularly heat stable enzyme and can 
remain active after high temperature treatment (Stryer, 1995). As a result the heat treatments 
would not have significantly impacted the activity of RNase with heating at 60 ˚C for 10 
minutes. Results did show that heating of bacterial isolates influenced the decay of the RNA 
viruses. This strongly suggests that protease enzymes are important in the decay of poliovirus 
and coxsackievirus. This is evident with the protease inhibition treatments with poliovirus 
and adenovirus, but not as evident for coxsackievirus decay. Poliovirus and coxsackievirus 
have once again shown different decay behaviour despite being very closely related members 
of the Enterovirus family. Closer inspection of the viral coat proteins of these two RNA 
viruses, in particular, protease cleavage sites may give more insight into this variability. 
Proteases would be required as a first step in the decay of viral particles by breaking down 
viral protein coats. RNase and DNase enzymes either naturally present in the environment or 
secreted by bacteria could then act upon viral nucleic acids. Less decay was shown by the 
RNA viruses when RNase inhibition occurred and this was measured by RT-PCR. Culture   116 
 
techniques could be used to determine whether viruses remained infective after contact with 
protease enzymes if RNase was inhibited, as viral nucleic material may remain intact.  
As has been shown in previous studies, the results observed varied amongst the three 
viruses tested suggesting a range of enzymes may be being produced by different 
groundwater bacteria (Wall, 2001; Wall et al., 2004). Filtering in many cases reduced viral loss 
whereas the addition of the metabolic inhibitor NaAz3 had less of an influence. These results 
suggest that the enzymes produced by the groundwater bacteria are external and therefore 
not influenced by the inhibition of metabolic activity of the bacterial isolates. External 
enzymes such as proteases, naturally produced by the groundwater isolates would still be 
present and active once bacterial cells are filtered out of solution. Filtering however may 
remove some enzymes or related compounds that are required for the two step removal of 
viruses, reducing the effectiveness of some individual bacterial strains. This also varied 
amongst virus type, once again suggesting that a range of enzymes and perhaps other 
compounds are produced and different combinations are required for the removal of 
different viruses. The effectiveness of viral reduction by isolate 4B was the most influenced 
by the filtering of bacterial cells suggesting the decay factor may be closely associated with 
the bacterial cells, perhaps membrane bound. This appeared to be the case with other 
bacterial isolates but was more variable amongst virus type. Metabolic inhibition of the 
bacterial isolates using NaAz3 reduced the effectiveness of viral decay by varying degrees, 
once again dependant on virus type. This suggests that viral decay factors are not inducible 
only in the presence of viruses and are produced by bacterial cells without target viruses. It is 
probable that the enzymes present may be non-specific and not produced as a response to 
the presence of viral particles. Many groundwater bacteria are well documented for their 
ability to produce enzymes, such as Pseudomonas  spp. and Aeromonas  spp. (Cliver and  
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Herrmann, 1972; Toze et al., 1990; Toze et al., 1993; Toze et al., 1994; Stanislavsky and Lam, 
1997; Pemberton et al., 1997; Li et al., 1998; Nasser et al., 2002). The slowing of viral reduction 
due to metabolic inhibition suggests viral decay factors need to be continually produced by 
bacteria for effective viral decay. 
Early work in this area by Ward and colleagues (1986) investigated the inactivation of 
poliovirus type 1, echovirus type 12, coxsackievirus B5 and rotavirus SA-11 in lake, creek and 
river water and also in a deep well with faecal and other pollution. Echovirus survival under 
different conditions was investigated to attempt to characterise the process of inactivation. 
They tested waters heated to 40-60°C for 1 hour, water filtered twice through 0.2 µm filters, 
with added hypochlorous acid, with 1 % NaAz3 and water treated with UV light for 1 hour. 
The results of their study suggested virucidal products in the form of proteolytic bacteria 
enzymes that are very short lived and microbe associated. They also suggested that the rate of 
inactivation was dependant on virus type and water type as confirmed by this study on 
poliovirus, coxsackievirus and adenovirus. Other studies also support the presence of heat 
labile inactivation factors against poliovirus 1 and 3, coxsackievirus A13 and B1 in river water 
(O’Brien and Newman, 1977), bacteriophage PRD1 in marine waters (Nobel and Fuhrman, 
1997).    118 
 
Chapter 4 
CHARACTERISATION OF ANTAGONISTIC AUTOCHTHONOUS 
GROUNDWATER BACTERIA 
 
 
 
4.1 Introduction 
 
It has been established that enteric viruses are reduced in groundwater in the 
presence of autochthonous groundwater bacteria (Keswick and Gerba 1980; Yates et al. 1985; 
Jansons et al. 1989; Toze and Hanna 2002; Gordon and Toze 2003; Toze et al., 2005; Wall et 
al., 2006). If the influence of autochthonous groundwater bacteria could be characterised and 
extracellular or membrane associated compounds could also be characterised, this 
information could be used to predict the public health risk associated with water reclamation 
using processes such as managed aquifer recharge. This, combined with an increase 
understanding of the survival mechanisms of pathogens in groundwater, could be used to 
develop appropriate retention times for treated effluent in the aquifer (Dillon et al., 1999).  
Appropriate retention times would ensure that recharged reclaimed water could be safely 
recovered once ‘cleaned up’ by the autochthonous groundwater bacteria. Results from the 
previous chapter indicated that viral loss was a result of a combination of antagonistic 
compounds including proteases and RNase enzymes. A two step process would be required  
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to reflect the loss of viruses by RT-PCR/PCR, involving proteases to break through viral 
protein coats and secondly, RNase and DNase enzymes to break down viral nucleic acid. 
The following chapter details information about the four autochthonous groundwater 
bacteria tested in the previous chapter including sequence analysis, phylogenetic analysis and 
presumptive identification. Identification of the active bacterial isolates may give direction as 
to how the reduction of enteric viruses in groundwater by autochthonous bacteria could be 
developed, characterised or manipulated to increase the efficacy of this process and thus 
increase the safety and public acceptance of water reclamation by managed aquifer recharge.  
4.2 Materials and Methods 
4.2.1 Bacterial DNA Extraction 
 
Identification of the four target bacteria was carried out using 16s rRNA sequencing. 
Bacterial DNA was extracted from isolates for use in sequencing. DNA was extracted from 
each isolate using a QIAamp
® DNA Stool Mini Kit (Qiagen). All extracted DNA samples 
were stored at -20°C to prevent degradation. The extraction procedures were provided by 
Qiagen and the kit contained all of the buffers, flow through spin columns and collection 
tubes. The final elution was collected into a sterile 1.5 mL RNase-DNase free centrifuge 
tube. Sterile 2.0 mL and 1.5 mL RNase-DNase free centrifuge tubes, RNase DNase free filter 
tips and 96 – 100 % Ethanol were also used.  
Alternatively a freeze thaw method of DNA extraction was carried out for isolates 
3A and 1G. One colony was selected from overnight growth on R2A and inoculated into a 
sterile 1.5 mL RNase-DNase free centrifuge tube containing 50 µL of ddH2O. Tubes were 
placed into a -80°C freezer for 15 minutes. Tubes were then thawed at room temperature for 
use in 16s PCR.   120 
 
4.2.2 Bacterial 16S rRNA Sequencing Procedure 
 
The general procedure for sequencing extracted bacterial DNA is outlined in 
Figure 4.1. 
 
 
Figure 4.1: Sequencing protocol. 
DNA extraction :  
QIAamp / freeze thaw 
PCR 16s rRNA genes 
Cleanup PCR rxn 
Sequencing :  
Big Dye Terminator v.3.1 
16s rRNA template 
Primer + template 
Cleanup  
To Royal Perth Hospital for sequencing 
Primers 
1492r mod and 27f 
 
 
 
 
 
 
Run on gel to ensure 
good product before 
sequencing 
 
 
 
 
 
 
 
 
Primers 
27f 
V3f bac 
V3r arc 
519r 
907r 
1492r mod  
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4.2.2.1 Bacterial DNA PCR and Clean Up 
 
PCR reactions were run on a MJ thermocycler, using Hot Start Taq (Qiagen) to 
amplify extracted nucleic acid. PCR reaction volumes using Hot Start Taq are given in Table 
4.1. A 1 µL template of bacterial DNA was used. HPCL purified primers used for amplifying 
DNA extractions were the 11f forward primer and 1492r mod reverse primer (GeneWorks 
Pty Ltd). Primer sequences are detailed in Table 4.2. 
The temperature cycle used for the PCR reaction was as follows: 30min at 95 ˚C to 
activate the Hot Start Taq enzyme, then 36 cycles of 95˚C for 30s, 55˚C for 20s, and 72 ˚C 
for 20s. The final cycle had a 5 minute extension at 72 ˚C.   
PCR product was cleaned up in preparation for sequencing reactions using the 
UltraClean™ PCR Cleanup™ kit from Mo Bio Laboratories Inc. using the procedure 
outlined by the manufacturer. All reaction buffers and tubes were supplied by Mo Bio and 
the resulting clean PCR product was stored at -20°C to maintain integrity prior to further 
sequencing. PCR product was also run on a gel to ensure a clean concentrated template. 
Table 4.1. PCR reaction volumes for amplification of bacterial 16s rRNA 
Component  Volume (µL)  Final Concentration 
Hot Start Taq  25.0   
27f forward primer  1.0  25ρm 
1492r reverse primer  1.0  25ρm 
Template  2.0   
ddH20  21.0   
 
Table 4.2. Primer sequences for PCR reaction. 
Primer Name  Sequence 
27f  5’-GAG TTT GAT CCT GGC TCA G-3’ 
1492r mod  5′-TAC GGY TAC CTT GTT ACG ACT T-3′ 
                  Mixed base codes: Y(CT)  
(Lane, 1991) 
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4.2.2.2 PCR Product Sequencing Reaction and Clean Up 
 
PCR product was amplified using two forward and four reverse primers in separate 
reactions to produce blocks of 16s rRNA for detailed sequencing and bacterial identification. 
Reactions were carried out in a MJ thermocycler using the BigDye® Terminator v.3.1 cycle 
sequencing kit (Applied Biosystems) starting with a 30 sec denaturing step at 96°C. This was 
followed by primer annealing at 48°C for 30 sec and primer extension at 60°C for 4 min. 
This cycle was repeated 25 times. Table 4.3 details reaction components and Table 4.4 details 
sequence information for primers v3f arch, 27f, v3r bac, 519r, 907r and 1492r mod 
(GeneWorks Pty Ltd).  
Table 4.3. Sequence reaction components using BigDye® 
 
Component  Volume (µL)  Final Concentration 
BigDye® v.3.1 pre-mix  4.0   
Primer  1.0  1.6 ρm 
Template  2.0   
ddH20  3.0   
 
Table 4.4. Primer sequences for BigDye® sequencing reactions. 
 
Primer Name  Sequence 
v3f arch  5’-CCC TAC GGG GYG CAS CAG-3’ 
27f  5’-GAG TTT GAT CCT GGC TCA G-3’ 
v3r bac  5’-CCT ACG GGA GGC AGC AG-3’ 
519r  5’-GWA TTA CCG CGG CKG CTG-3’ 
907r  5’-CCG TCA ATT CMT TTG AGT TT-3’ 
1492r  5′-TAC GGY TAC CTT GTT ACG ACT T-3′ 
     Mixed base codes: Y(CT), W(AT), K(GT), M(AC)  
(Amann et al., 1992; Lane, 1991; Muyzer et al., 1993) 
PCR sequencing products were cleaned up according to ABI recommended protocol 
using ethanol/EDTA/sodium acetate precipitation to ensure removal of all Big Dye 
components and to prevent inhibition of the 16s rRNA sequencing. The procedure for  
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precipitating 10 µL of sequencing reaction product was undertaken as described in the 
BigDye® Terminator v.3.1 cycle sequencing kit (Applied Biosystems).  
4.2.2.3 16S rRNA Gene Sequencing  
 
Electrophoresis of purified reaction product was carried out by the Western 
Australian Genome Resource Centre at Royal Perth Hospital (RPH), Western Australia. 
Purified and labelled sequencing reaction product are analysed by capillary separation using 
3730xl sequencing platforms (Applied Biosystems). 
  
4.2.3 16S rRNA Sequence Alignment and Phylogenetic Analysis 
4.2.3.1 Sequence Alignment 
 
Sequence data received from RPH was read, corrected and aligned for each 
bacterium using ChromasPro software version 1.0.0.7 (available at www. 
technelysium.com.au/ChromasPro.html) and strains were identified using the basic local 
alignment search tool (BLAST) database in Genebank (Altschul et al., 1997). 
4.2.3.2 Phylogenetic Analysis 
 
Sequence data were aligned and analysed with the ARB (Latin, “arbour” = tree) 
program package (available at http://www.mikro.biologie.tu-muenchen.de/) by comparing 
the sequences with the sequences in the database released with ARB (Ludwig et al., 2004). 
Other sequences used in the analyses were obtained from Genebank. Phylogenetic analysis 
was carried out on aligned sequences using the distance matrix and neighbour-joining 
method with the Jukes and Cantor single parameter correction available in the ARB program 
(Jukes and Cantor, 1969).  Bootstrapping was used to test the stability of the branching   124 
 
patterns in the phylogenetic trees. Bootstrap percentages are based on 1000 replicates (Plumb 
et al., 2001). 
4.3 Results 
4.3.1 Bacterial Sequencing and Phylogenetic Analysis 
 
Isolates 3A, 4B and 9G were fully sequenced while isolate 1G was only partially 
sequenced due to difficulty reviving the frozen culture of this isolate for freeze thaw DNA 
extraction. DNA extracted using the kit was electrophoresed to ensure good product prior to 
sequencing and is shown in Figure 4.2. Isolates 3A and 1G did not show product from the 
extraction kit and therefore freeze thaw DNA extraction was carried out as an alternative.  
The complete sequence for each isolate is given in Appendix 3. The input of the 
sequences BLAST (basic local alignment search tool) provided homologies for each of the 
isolates and preliminary presumptive identities were prescribed to each isolate (Table 4.5). 
 
Figure 4.2: Gel photograph showing PCR product from the QIAamp® DNA Stool Mini Kit 
(Qiagen).  
1     2     3     4    5   
 
 
Lane 1     100 base pair                                                                         
molecular weight marker 
 
Lane 2     Isolate 3A 
Lane 3     Isolate 4B 
Lane 4     Isolate 9G 
Lane 5     Isolate 1G 
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One thousand pseudoreplicates were formed from the multiple trees created by the 
ARB program package. The consensus of these trees was used to determine branching 
percentages showing organisms similarity. The resulting phylogenetic tree including branch 
percentages can be found in Figure 4.3 with Staphylococcus aureus used as the out-group for tree 
rooting. 
 Isolate 3A was placed in the order Burkholderiales and  found to be related to 
Burkholderia cepacia (97 %), Leptothrix discophora (96 %) and Rubrivivax gelatinosus (96 %). Isolate 
4B was placed in the family Xanthomonadaceae and found to be related to Dokdonella 
koreensis (96 %). Isolate 4B was also linked to Glaucimonas multicolorus (96 %) and Rhodanobacter 
spathiphylli (96 %). Isolate 9G was placed in the family Rhizobiaceae and found to be related 
to Ensifer adhaerens (95 %), Agrobacterium tumefaciens (95 %) and Sinorhizobium sp. (95 %). Isolate 
1G was only partially sequenced and preliminary identification placed it in the phylum 
Bacteriodetes and showed relatedness to families Flavobacteriaceae (97 %) and 
Flexibacteraceae (95 %) and an estrogen degrading bacterium (96 %).  
 
Table 4.5: Related sequences as determined by BLAST for isolates 3A, 4B, 9G and 1G. 
 
Isolate   Related Sequence  Accession Number  Identity  % 
3A  Burkholderia cepacia 16S rRNA gene, partial 
sequence. 
AF244133  97 
Leptothrix discophora (strain SS-1) 16S rRNA.   L33975  96 
Rubrivivax gelatinosus  gene for 16S rRNA, 
partial sequence. 
AB016167  96 
4B  Dokdonella koreensis strain DS-140 16S rRNA 
gene, partial sequence.  
AY987369  96 
Rhodanobacter spathiphylli  16S rRNA gene, 
strain type strain: B39  
AM087226  96 
Glaucimonas multicolorus 16S rRNA gene, type 
strain A3T (Dokdonella fugitiva) 
AJ969432  96 
9G  Ensifer adhaerens  16S rRNA gene, partial 
sequence. 
AY040360  95 
Agrobacterium tumefaciens  strain TJYJ 16S 
rRNA gene, partial sequence.  
AY528932  95   126 
 
Isolate   Related Sequence  Accession Number  Identity  % 
Sinorhizobium  sp. 16S rRNA gene, strain 
BK1 
SSP012210  95 
1G  Symbiont cf. Flavobacterium of Tetraponera 
binghami  16S ribosomal RNA gene, partial 
sequence. 
AF459795  97 
Estrogen-degrading bacterium KC2 16S 
ribosomal RNA gene, partial sequence. 
DQ066432  96 
Flexibacter  sp. CF 1 16S ribosomal RNA 
gene, partial 
AF361187  95 
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Figure 4.3: Phylogenetic relationship of isolates 3A, 4B and 9G and related 
species based on partial 16S rRNA gene sequences.  The tree was constructed 
using the distance matrix and neighbour-joining method with the Jukes and 
Cantor single parameter correction. The scale shows 0.1 nucleotide 
substitutions per position in the gene. Bootstrap percentages are based on 
1000 replicates. Genebank accession numbers for reference strains are in 
brackets. 
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4.4 Discussion 
 
Common gram negative bacteria found in groundwater belong to the genera 
Acinetobacter,  Comamonas,  Pseudomonas,  Sphingomonas  and  Variovorax  (Balkwill  et al., 1997). 
Phylogenetic analysis of the four isolates in this study showed relatedness to members of the 
Pseudomonas genera and other members of the same bacterial family the Comamonadaceae. 
Relatedness was also shown to other bacterial families Xanthomonadaceae, Rhizobiaceae, 
Flavobacteriaceae and Flexibacteriaceae. The groundwater environment is a diverse and 
highly specialised microcosm. The diversity of autochthonous bacteria is every increasing as 
more species are isolated by traditional culture methods, while molecular methods are 
indicating many more uncultivable or yet to be cultured species (Service, 1997). 
Due to the highly variable conditions such as redox potential, nutrient availability, 
source, and chemical composition within groundwater, it is not unexpected that many 
autochthonous bacteria are adaptable and able to take advantage of changing conditions. 
Many known groundwater bacteria are able to break down xenobiotic compounds enabling 
onsite remediation of such events as chemical spills, hydrocarbon leakage or pesticide and 
herbicide presence. Much work has been carried out into the in situ  remediation of 
contaminated groundwater by autochthonous bacteria in and for the mining and petroleum 
industries (Thomas and Ward, 1992). Autochthonous groundwater bacteria are reported to 
have the ability to break down a wide variety of naturally occurring compounds including 
carbohydrates, amino acids, methane, cellulose and lignin-type compounds. Pseudomonas spp. 
is commonly cited as a metabolically active member of shallow groundwater (Balkwill and 
Ghiorse, 1985).  The breakdown of several industrial  chemicals has also been reported 
including phenol, naphthalene, petroleum derived hydrocarbons, aromatic compounds, 
toluene and solvents (Thomas and Ward, 1992). It is therefore not a great leap to suggest that  
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these highly adaptable microorganisms are able to remediate groundwater impacted by 
reclaimed water. Many bacteria that naturally inhabit groundwater have been documented to 
degrade a wide range of xenobiotic compounds with a range of enzymes, such as proteases, 
and it is quite probably that these enzymes may also be able to degrade viruses. Water quality 
improvement by managed aquifer recharge uses this premise to improve the quality of 
reclaimed water by storage in a suitable aquifer for a prescribed period of time.  
Characterisation of the four selected bacterial isolates with the ability to reduce 
enterovirus numbers was carried out. Three out of four isolates were sequenced and analysed 
using partial 16S rRNA sequences to determine their phylogenetic relationships compared to 
related organisms. Isolate 3A was placed in the order Burkholderiales and found to be related 
to Burkholderia cepacia (97 %), Leptothrix discophora (96 %) and Rubrivivax gelatinosus (96 %). The 
β-proteobacteria order Burkholderiales comprises the families Burkholderiaceae, 
Ralstoniaceae, Oxalobacteraceae, Alcaligenaceae and Comamonadaceae (System Naturae 
2000 (SN2000), 2006). The Burkholderiales are commonly found in soil and groundwater 
worldwide and are often opportunistic pathogens (Whipple et al., 2004). Both Leptothrix and 
Rubrivivax are genera within the Comamonadaceae family are related to isolate 3A. Isolate 3A 
is a Gram negative rod shaped bacterium, oxidase and catalase positive and with the ability to 
reduce nitrate. Isolate 3A did not show an ability to ferment glucose. Leptothrix discophora 
excretes proteins to facilitate iron (II) and manganese oxidation and can be found in waters 
rich in these minerals (Corstjens et al., 1992). Rubrivivax gelatinosus is a facultative phototrophic 
non-sulphur bacterium (Stenou et al., 2004). Kane and colleagues (2001) investigated aerobic 
digestion of methyl tert-butyl ether from leaking underground storage tanks in California. 
They tested aquifer sediment and groundwater for indication of degradation and found the 
bacterium Rubrivivax gelatinosus present in material able to degrade methyl tert-butyl ether.    130 
 
Isolate 3A is most closely related to Burkholderia cepacia both by phylogenetic analysis and by 
comparison of phenotypic characteristics. Both 3A and B. cepacia are Gram negative, oxidase 
and catalase positive, and have the ability to reduce nitrate. Both bacteria also produce slime 
with 3A colonies appearing mucoid (Kreig, 1984). A likely presumptive identification of 
isolate 3A is as a member of the Burkholderia genus. 
Isolate 4B was placed in the family Xanthomonadaceae and found to be related to 
Dokdonella koreensis (96 %) and Rhodanobacter spathiphylli (96 %). Isolate 4B was also linked to 
Glaucimonas multicolorus (96 %), now published as Dokdonella fugitiva (Cunha et al., 2005). Isolate 
4B  was  placed  in  the  γ-proteobacteria order Xanthomonadales and within the family 
Xanthomonadaceae. This family contains the genera Frateuria, Luteimonas, Lysobacter, Nevskia, 
Pseudoxanthomonas,  Rhodanobacter,  Stenotrophomonas,  Xanthomonas  and  Xylella  (SN2000, 2006). 
Dokdonella koreensis and Dokdonella fugitiva were both found to be related to isolate 4B and are 
both recently identified species isolated from soil in Korea and Portugal, respectively (Yoon 
et al., 2006; Cunha et al., 2006).  Isolate 4B is most likely a novel member of the genus 
Dokdonella due to relatedness to two recently isolated members of this new genus. The type 
species of the genus Dokdonella are motile, non-spore forming, strictly aerobic rods and form 
yellow colonies. They are catalase and oxidase positive and have the ability to reduce nitrate 
(Yoon et al., 2006). Isolate 4B also fulfils these phenotypic characteristics. 
The γ-proteobacteria also contains the orders Aeromonadales and Pseudomonadales 
that include many species ubiquitous in the environment. In addition, many of these bacteria 
have the ability to secrete extracellular proteins (Cliver and Herrmann, 1972; Stanislavsky and 
Lam, 1997; Pemberton et al., 1997; Li et al., 1998; Nasser et al., 2002). It is a characteristic of 
Gram-negative bacteria to secrete extracellular enzymes and they possess a number of 
pathways to facilitate this process. Most enzymes are exported in multi step mechanism to  
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translocate enzymes across the cytoplasmic membrane and secondly for secretion across the 
outer membrane (Pemberton et al., 1997).  Common bacteria in groundwater have been 
extensively studied as enzyme produces, most notably members of the genus Aeromonas.  
Species of the genus Aeromonas  are widespread due to their versatile adaptive 
mechanisms and secretion of numerous enzymes, influencing their ecology, survival and 
pathogenicity. The many secretions have been extensively studied with A. hydrophila receiving 
the most attention (Pemberton et al., 1997). Extracellular enzymes secreted by Aeromonas vary 
in size from a 15.5 kDa acetylcholine esterase to a 110 kDa nuclease with the average size 
being 20 amino acids in length. Aeromonas  secrete many classes of enzymes including 
aminopeptidases,  amylases,  β-Lactamases, cell elongating toxins, chitinases, enterotoxins, 
haemolysins, lipases, nucleases, proteins, proteases, siderophore receptors, superoxide 
dismutases and xylenases. The numerous and wide range of enzymes secreted by Aeromonas 
contributes to their adaptability to environmental change. Extracellular enzymes secreted by 
Aeromonas vary in size from a 15.5 kDa acetylcholine esterase to a 110 kDa nuclease with the 
average size being 20 amino acids in length. Aeromonas secrete many classes of enzymes 
including aminopeptidases, amylases,  β-Lactamases, cell elongating toxins, chitinases, 
enterotoxins, haemolysins, lipases, nucleases, proins, proteases, siderophore receptors, 
superoxide dismutases and xylenases. The numerous and wide range of enzymes secreted by 
Aeromonas contributes to their adaptability to environmental change (Pemberton et al., 1997). 
Work has also been carried out into the interactions between Legionella spp. and Aeromonas 
spp. (Toze et al., 1990; Toze et al., 1993; Toze et al., 1994). Studies showed members of the 
Aeromonas genera were able to degrade Legionella species and also showed the production of 
diffusible compounds responsible for this degradation. Aeromonas  are well known 
opportunistic pathogens producing virulence factors such as the compounds able to degrade   132 
 
the human pathogen, Legionella sp. shown by Toze and colleagues (1993). Other less studied 
groups of bacteria that are also opportunistic pathogens may also have this ability. The recent 
genus  Dokdonella, to which isolate 4B was identified may represent one such group of 
opportunistic organisms. 
Isolate 9G was identified as a member of the family Rhizobiaceae, which is an α-
proteobacteria of the order Rhizobiales. Rhizobiaceae comprise the genera Agrobacterium, 
Carbophilus, Chelatobacter, Ensifer, Rhizobium and Sinorhizobium (SN2000, 2006).  Isolate 9G was 
found to be related to Ensifer adhaerens (95 %), Agrobacterium tumefaciens (95 %) and a species of 
Sinorhizobium (95 %). 9G is an oxidase negative, catalase positive bacterium that is not able to 
ferment glucose or reduce nitrate. Rhizobiaceae have the ability to fix atmospheric nitrogen 
and are present in soil as microsymbionts of legumes and other plants, and can also be 
present as free living saprophytic heterotrophs (Sadowsky and Graham, 2000). Isolate 9G 
was sourced from reclaimed water at the Hall Head WWTP in Mandurah, 70 km south of 
Perth. This location is vegetated with native scrub including Acacia saligna, which is associated 
with Rhizobiaceae and the ability to fix nitrogen (Crompton, 1992). The legume Lupinus 
angustifolius  is also a common weed in Western Australia and also has root associated 
Rhizobiaceae. It is likely that isolate 9G is a member of a non-nodulating genii associated 
with Rhizobium or Sinorhizobium due to relatedness shown by phylogenetic analysis to Ensifer 
adhaerens. This bacterium is commonly associated with Rhizobiaceae and members have the 
ability to lyse bacteria. The ability for bacterial lysis indicates the production of enzymes that 
may also play a part in viral decay shown in this study. Isolation from an environment 
dominated by nitrogen fixing nodulated plants that have close associations with members of 
these genii also strongly suggested this presumptive identification.  
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Isolate 1G was only partially sequenced and a preliminary identification was made 
using BLAST due to difficulty in reviving stored bacterium. BLAST homology placed isolate 
1G in the Bacteriodetes phylum and showed relatedness to families Flavobacteriaceae and 
Flexibacteriaceae. Isolate 1G was found to be oxidase and catalase positive and had the 
ability to ferment glucose and reduce nitrogen. Flavobacterium are commensal bacteria that 
are widely distributed in soil and water and are also opportunistic pathogens and poses these 
same phenotypic characteristics (Whipple et al., 2004; Kreig, 1984).  Due to incomplete 
sequencing, a presumptive identification to genus level cannot be made regarding isolate 1G.  
The four autochthonous groundwater bacteria selected for characterisation represent 
the great diversity in the groundwater community, as they are all very different bacteria. 
Isolates 3A, 4B and 9G are proteobacteria and members of the β-, γ-, α-proteobacteria phyla, 
respectively. Isolate 1G was tentatively placed in the Bacteriodetes phylum. All these isolates 
showed the ability to reduce copy numbers of poliovirus type 1, coxsackievirus B3 and 
adenovirus B41 and belong to groups containing opportunistic pathogens and members with 
demonstrated ability to secrete extracellular enzymes.  
The importance of the identity of the four active groundwater bacteria in this study is 
only reinforced due to the resultant diversity. If all selected isolates that showed an ability to 
reduce the numbers of the enteric viruses poliovirus type 1, coxsackievirus B3 and 
adenovirus B41 belonged to a single closely related group, further investigation could then 
focus on the production of compounds, such as enzymes, by members of this genus. As 
diversity was great, this approach would not be appropriate.  Isolation, identification and 
investigation of all active groundwater bacteria would be extremely time consuming and 
expensive. An alternative may be to investigate a smaller number of active bacteria such as 
those tested in this study from varying water sources to determine if there may be some key   134 
 
species responsible for the decay of enteric viruses. These species could then be used as a 
marker to establish the suitability of an aquifer for use in managed aquifer recharge for water 
reclamation, ensuring the presence of autochthonous groundwater bacteria with the ability to 
remove any pathogens potentially present in reclaimed water.  
Studies on bacterial diversity and phylogeny in groundwater have produced some 
varying results with some studies suggesting Gram positive coccoid rods as the most 
commonly isolated bacteria by traditional methods from shallow aquifers (Wilson et al., 1983; 
Balkwill and Ghiorse, 1985). Stetzenbach and colleagues (1986) studied deep aquifers and 
determined Gram negative rods to predominate from limited genera using culture methods. 
Kölbe-Boelke and colleagues (1988b) however, found great diversity amongst Gram negative 
rods and also showed variation in community structure between wells. Flavobacterium, a 
presumptive identification for isolate 1G was isolated by both studies (Stetzenbach et al., 
1986; Kölbe-Boelke et al., 1988b). Molecular methods for detection are able to detect many 
more species than by traditional culture methods. Jiménez and others (1990) investigated 
deep well sediment using molecular methods and found Pseudomonas the dominant genera 
with 40 %, followed by Acinetobacter with 25 %. These results were supported by Banning 
(1997) finding Pseudomonas  the dominant genera, and also Alcaligenes. Gounot (1994) has 
suggested that Gram negative rods predominate in sandy aquifers, similar to the aquifers 
investigated in this study. 
Bacterial diversity in groundwater is often utilised and manipulated for biotechnology 
applications such as mining and chemical and organic contamination. Autochthonous 
groundwater bacteria isolated from aquifer sediment and groundwater are used for 
biodegradation of pollutants or mining by-products. Phylogenetic analysis of groundwater 
can give insight into the sustainability of particular aquifers as the presence of known bacteria  
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with the ability to degrade xenobiotic compounds could suggest the presence of more 
bacteria of this kind and indicate how an aquifer may recover from contamination (Kane et 
al., 2001). The same approach could be used for selecting appropriate aquifers for managed 
aquifer recharge (MAR) it is therefore an important first step to identify some of  the 
autochthonous bacteria  
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Chapter 5 
SUMMARY, GENERAL DISCUSSIONS AND CONCLUSIONS 
 
Managed aquifer recharge (MAR) is a process that can be used with water 
reclamation involving direct or indirect infiltration or injection of reclaimed water into a 
suitable aquifer. (Dillon et al., 2005). Municipal wastewater effluent is an ideal source for 
water reclamation as it is consistent in quality and quantity. Other potential sources include 
industrial wastewater, agricultural wastewater, stormwater and greywater. The quality of 
source waters, i.e. municipal effluent or stormwater runoff, has a direct influence on the 
operation of MAR schemes and the resultant uses of recovered waters (Dillon et al., 2005). 
The source of reclaimed water influences not only its physiochemical makeup but also the 
range of potential contaminant that may be present. Possible constituents that may be of 
concern include organic compounds, nutrients such as phosphorus and nitrogen, suspended 
solids, and pathogenic microorganisms (Nation Research Council, 1994). The soil of a 
suitable aquifer has a great potential to remove many biological and chemical contaminants, 
especially the vadose (unsaturated) zone, which can play an important role in removing 
potential contaminants as the water enters the aquifer (National Research Council, 1994). 
The behaviour and fate of microorganisms and chemical contaminants in the groundwater 
will also affect their concentrations in the recovered water.  
A major concern with water reclamation involves the potential presence of 
pathogens (Asano and Levine, 1996). They are of concern where humans may be exposed to  
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recovered waters. As emerging research has shown, storage of reclaimed water in an aquifer 
is beneficial to the quality of recovered water. Biogeochemical processes within aquifers 
involving autochthonous groundwater microorganisms are especially important and can 
result in the removal of potential pathogenic contaminants (Dillon et al., 2005; Gordon et al., 
2002; Toze and Hanna, 2002; Wall et al., 2004).   
Research into the removal of pathogenic contaminants by natural processes within 
aquifers, namely the action of autochthonous microbes, has resulted in some very promising 
results (Hendel et al., 2001; Walter et al., 1995; Yates et al., 1990; Jansons et al., 1989; Kutz and 
Gerba, 1988; Hurst, 1988; Ward et al., 1986; Keswick and Gerba, 1980; O’Brien and 
Newman, 1977; Cliver and Herrmann, 1972). Pathogenic contaminants are removed from 
groundwater, but only in the presence of autochthonous groundwater microbes (Toze and 
Hanna 2002). The rates of removal vary with other physical characteristics of the 
groundwater including oxygen and redox level, temperature, and available nutrients and 
carbon sources (Gordon, 2001; Wall, 2001).  
The aim of this research was to further investigate the interactions between 
autochthonous groundwater bacteria (AGB) and the enteric viruses Poliovirus type 1, 
Coxsackievirus B3 and Adenovirus B41. It is established that these viruses reduce in number 
in the presence of AGB but the mechanisms behind this interaction were unknown (Gordon, 
2001; Gordon and Toze 2003; Jansons et al. 1989; Keswick and Gerba 1980; Toze and 
Hanna 2002; Wall, 2001; Yates et al. 1985). Experiments were designed to examine the AGB 
individually and to assess the conditions under which virus removal was observed in order to 
determine the mechanisms.    138 
 
5.1 Summary of Results 
  
The mechanisms by which groundwater bacteria break down pathogenic 
microorganisms in groundwater were investigated. Autochthonous groundwater bacteria 
were isolated and cultured for individual study. Purified isolated bacterial strains were added 
to filtered groundwater and seeded with enteric viruses (poliovirus type 1 and coxsackievirus 
B3), then incubated in the presence of oxygen and without any added nutrients. Most of the 
isolates showed little or no ability to influence the decay of the viruses tested, however, 27% 
of aerobic bacteria (17 isolates out of 63) demonstrated an ability to reduce the survival time 
of the viruses over the length of the experiment (28 days). Influences varied amongst the 
groundwater bacteria and the viruses with only three of the 27 % of active isolates found to 
be capable of reducing both poliovirus and coxsackievirus.  
The number of bacterial isolates tested was then reduced from the initial 63 to the 10 
isolates that exhibited the most influence on the two enteric viruses, these were then tested 
against adenovirus B41. These ten selected autochthonous groundwater bacteria isolates were 
found to reduce the survival times of poliovirus type 1, coxsackievirus B3 and adenovirus 
B41, compared to the negative controls, however the degree of influence on each of the 
three viruses varied between the 10 bacterial strains examined. The influence of the ten 
selected isolates against adenovirus resulted were similar to the influence on poliovirus. T90 
values of the top ten bacteria varied from as little as 4 days for a 90 % reduction in mean 
copy number through to no decay (a positive T90 or T90 of 730 days or more). As poliovirus 
and coxsackievirus are very closely related but very different genetically and structurally to 
adenovirus, it would be expected that the influence of these active bacteria would be more 
similar against poliovirus and coxsackievirus than adenovirus. This was found to be not the 
case. The results for the decay of coxsackievirus was observed to be significantly more  
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different from those shown for poliovirus and adenovirus while the decay rates for 
adenovirus and poliovirus were frequently observed to be similar. This was not always the 
case, as in the presence of isolates 4B and 10G, where similar decay was shown by 
coxsackievirus and adenovirus, and in the presence of isolates 1G and 9G, where the decay 
rate was observed to be similar for poliovirus and coxsackievirus. 
The top four isolates selected from results of the previous experiments (1G, 3A, 4B 
and 9G) were then screened against poliovirus type 1, coxsackievirus B3 and adenovirus B41. 
Twelve conditions were tested including a positive control in 1:10 R2A, filtered to remove 
bacterial cells with a 0.2/0.8 µm filter, with the addition of the metabolic inhibitor sodium 
azide, the addition of nutrients, both 1 % peptone and 1 % glucose, filtered through a 
0.2/0.8 µm filter to remove bacterial cells and the heated to 60˚C for 10 min, heated to 60˚C 
for 10 min, heated to 60 ˚C for 10 min then filtered through a 0.2/0.8 µm filter to remove 
bacterial cells, with the addition of RNase inhibitor, with the addition of protease inhibitor, 
with the addition of both RNase and protease inhibitors, and finally within an anaerobic 
chamber. 
The results of screening isolates 1G, 3A, 4B and 9G under heat treatments or with 
the addition of enzyme inhibitors showed similar results for the reduction of all three virus 
numbers with little to no decay. Filtering reduced viral decay, whilst the metabolic inhibitor 
sodium azide had less influence on reducing viral decay. Additional nutrients had varying 
influence on the reduction of viral numbers and little viral decay was shown in the presence 
of these four isolates under anaerobic conditions. 
Identification was attempted for these four selected bacterial isolates. Three out of 
four isolates were sequenced and analysed using partial 16S rRNA sequences to determine   140 
 
their phylogenetic relationships compared to related organisms. Isolate 3A was placed in the 
order Burkholderiales and found to be related to Leptothrix discophora (96 %) and Rubrivivax 
gelatinosus (96 %). Isolate 4B was placed in the family Xanthomonadaceae and found to be 
related to Dokdonella koreensis (96 %). Isolate 4B was also linked to Glaucimonas multicolorus 
(Dokdonella fugitiva) (96 %). Isolate 9G, cultured from the bore impacted by effluent was 
placed in the family Rhizobiaceae and found to be related to Ensifer adhaerens (95 %) and 
Agrobacterium tumefaciens (95 %). Isolate 1G was only partially sequenced and preliminary 
identification placed it in the phylum Bacteriodetes and showed relatedness to families 
Flavobacteriaceae and Flexibacteraceae. Presumptive identifications to genus level were 
attempted for three out of the four isolates based on phylogenetic relationships and a limited 
range of phenotypic and metabolic characteristics. Isolate 3A was assigned to the Burkholderia 
genus, isolate 4B was placed in the recently identified genus Dokdonella, and isolate 9G was 
placed in the genus Ensifer. 
5.2 Discussion 
 
The results of the experiments summarised above confirm the hypothesis that 
autochthonous groundwater bacteria (AGB) result in the decay of poliovirus type 1, 
coxsackievirus B3 and adenovirus B41 in groundwater. The results also show that the 
influence of individual AGB vary for both virus type and the individual bacteria in question. 
Viral decay appeared to be of an enzymatic nature and may be comprised of a two step 
system involving both proteases for breakdown of viral coat proteins and RNase or DNase 
enzymes for breakdown of nucleic acids.   
A large number of bacteria were isolated from the three groundwater sources 
involved in this study. Given no time constraints many more hundreds of bacteria could be  
  141 
isolated and investigated for influence on viral decay.  As previously mentioned, only a small 
percentage of groundwater bacteria have been isolated or are culturable. As a result the 
activity of the culturable portion of autochthonous groundwater bacteria may be greatly 
under, or over estimated. A combination of culture and molecular methods to investigate 
viral decay may aid to quantify the actual percentage of groundwater bacteria with viral 
degrading activity. Of the 63 aerobic AGB isolated, only 17 of these (27%) showed an 
influence on the survival of poliovirus type 1 and coxsackievirus B3 causing in an increased 
rate of viral reduction when compared to positive controls.  The top ten isolates were then 
tested on adenovirus, resulting in similar reduction in viral numbers to poliovirus, while 
coxsackievirus decay varied. These results were not expected, as poliovirus and 
coxsackievirus are very closely related RNA viruses while adenovirus is DNA virus and not a 
member of the Enterovirus family. Comparisons of the viral coat protein sequences of these 
three viruses did not indicate a sequence difference that could account for this variation. 
Further investigations into differences in poliovirus and coxsackievirus protein coats, in 
particular enzyme cleavage sites, may give further insight into why two very closely related 
enteroviruses show different reduction rates in the presence of the same AGB. 
The variations in viral reduction observed amongst the ten selected isolates in 
chapter 2 suggested as in previous work that there is potentially a range of compounds 
produced by active bacteria with the ability to degrade enteric viruses (Wall, 2001; Wall et al., 
2004). In the groundwater environment, these active bacteria may all be responsible for the 
decay of enteric viruses, with varying compounds produced that work together to remove 
viruses and other contaminants from the environment.  All but one of the top ten isolates 
was cultured from groundwater that was not impacted by effluent. Isolate 9G was cultured 
from the Halls Head production bore, downstream of a MAR infiltration site. This isolate   142 
 
may not be autochthonous and may have been introduced from the effluent treatment 
methods or from the effluent. This suggests that bacteria present in effluent may also aid in 
the decay of viruses. 
The influence of enzyme inhibitors, heat treatment, and evidence of viral decay even 
in the presence of the metabolic inhibitor sodium azide, indicates that viral degradation is an 
enzymatic process that is external in nature and can be detected in cell free extracts. As viral 
numbers are monitored by nucleic acid copy numbers rather than via infectivity assays, the 
viral protein coats must be the first step in degradation followed by the removal of the viral 
nucleic acid. This two step process would require both protease and RNase or DNase 
enzymes to result in loss of viral numbers as measured by RT-PCR/PCR. Protease enzymes 
would first be required to break down viral protein capsids to allow access to viral nucleic 
acid for degradation by nuclease enzymes. Heat treatments used in this study would not 
significantly reduce the activity of naturally occurring RNase enzymes, however the decay of 
the RNA viruses was significantly reduced in these treatments. This suggests the importance 
of protease enzymes in viral decay. Treatments involving protease inhibition confirmed this 
for poliovirus and adenovirus, but not for coxsackievirus. Variations shown in the decay 
behaviour of the closely related poliovirus and coxsackievirus may be a result of specific 
protease cleavage sites on their respective protein coats. It is likely that protease enzymes 
secreted by autochthonous groundwater bacteria first act upon viral protein coats allowing 
RNase and DNase enzymes, either naturally present in the environment or also secreted by 
bacteria, to break down viral nucleic acids. 
The four autochthonous groundwater bacteria selected for characterisation represent 
the great diversity in the groundwater community. Isolates 3A, 4B and 9G are proteobacteria 
and members of the β-, γ-, α-proteobacteria phyla, respectively. All these isolates showed the  
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ability to reduce copy numbers of poliovirus type 1, coxsackievirus B3 and adenovirus B41 
and belong to groups containing opportunistic pathogens and members with the ability to 
secrete enzymes. Presumptive identifications to genus level placed isolate 3A in the genus 
Burkholderia, which contains members capable of degradation of xenobiotic compounds using 
complex enzyme systems (Leahy et al., 1996; Massol-Deyá et al., 1997; Schreckenberger, 1995; 
Whipple et al., 2004). Isolate 4B was placed in the genus Dokdonella in which only two species 
are currently assigned and little is known regarding enzyme production and worldwide 
distribution (Cunha et al., 2006; Yoon et al., 2006). Isolate 9G was tentatively placed in the 
genus Ensifer which is commonly associated with Rhizobiaceae with the ability to lyse other 
bacteria (Willems et al., 2003). This presumptive identification suggests that although cultured 
from the production bore, this isolate was autochthonous. 
Other studies that have investigated viral decay in groundwater have not isolated 
individual autochthonous bacteria and therefore these results cannot be compared. Studies 
into groundwater diversity have shown a highly diverse environment comprising 
heterotrophs, autotrophs and archaea (Chapelle, 2001; Balkwill et al., 1997; Drake et al., 2002; 
Ehrlich, 1998; Krieg, 1984; Sneath et al., 1986; Staley et al., 1989; Todar, 2004). Many new 
species of bacteria are still being identified and much of the groundwater environment 
remains unexplored. Molecular identification methods have also shown that many more 
species of bacteria exist in groundwater than can be cultured using traditional methods (King 
and Parker, 1988; Jiménez, 1990; Gounot, 1994).  
Cliver and Herrmann (1972) carried out some early work into the degradation of 
coxsackievirus A9 by a range of bacteria including Pseudomonas aeruginosa and Bacillus spp. in 
filtered well water. They found radioactively labelled viral coat proteins were taken up by P. 
aeruginosa  but RNA was not. They attributed coxsackievirus degradation to compounds   144 
 
produced by the bacteria, but not necessarily enzymes. Ward and colleagues (1986) 
investigated this phenomenon in further detail in a range of fresh waters against Echovirus 
using heat inactivation, filtration acidification, metabolic inhibitor and UV sterilisation. They 
concluded as mentioned above that any treatment that removes or inactivates 
microorganisms present in the water removes virucidal activity. Echovirus degradation was 
thought to be a result of proteolytic enzyme cleavage of viral coat protein VP4, common to 
all enteroviruses. In this and following investigations (Ward et al., 1986) it was suggested that 
virucidal compounds were either short lived or bound to microorganisms.  
Results of this study suggest that the enzymes produced by the groundwater bacteria 
are external and therefore not appreciably influenced by the inhibition of bacterial metabolic 
activity, with the exception of isolate 4B which resulted in statistically significant reductions 
in the decay of all three viruses after metabolic inhibition. Filtering however may remove 
some enzymes or related compounds that are required for the two step removal of viruses, 
reducing the effectiveness of some individual bacteria. This also varied amongst virus type, 
once again suggesting that a range of enzymes and perhaps other compounds are produced 
and  different combinations are required for the removal of different viruses. The 
effectiveness of viral reduction by isolate 4B was the most influenced by the filtering of 
bacterial cells suggesting the decay factor may be more closely associated with the bacterial 
cells, perhaps membrane bound. This appeared to be the case with other bacterial isolates but 
was more variable amongst virus type. Metabolic inhibition of the bacterial isolates reduced 
the effectiveness of viral decay by varying degrees, once again dependant on virus type. This 
suggests that viral decay factors are not inducible only in the presence of viruses and are 
produced by bacterial cells without target viruses. The observed reduction of viral reduction  
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due to metabolic inhibition suggests viral decay factors need to be continually produced by 
bacteria for enhanced viral decay to occur. 
5.3 Conclusions 
Understanding of the processes carried out within an aquifer during managed aquifer 
recharge (MAR) with reclaimed waters will aid in increasing the viability of this process as a 
mechanism to assist water reuse. If important natural processes could be utilised to remediate 
any potential pathogenic microorganisms, the health concerns with reclaimed waters could 
be controlled and solved simply through prescribed retention times within the aquifer (Dillon 
et al., 2005).  
As the results have shown, a percentage of cultured autochthonous groundwater 
bacteria showed the ability to reduce copy numbers of the enteric viruses poliovirus type 1, 
coxsackievirus B3 and adenovirus B41. Characterisation of the mechanisms behind this 
reduction suggested a two step enzymatic process, involving protease enzymes firstly to 
breakdown viral protein coats, followed by the breakdown of viral RNA or DNA. The 
variation in influence by individual bacteria and amongst the enteric viruses tested suggests a 
range of compounds. The diversity of active bacteria as shown by the different phyla 
represented by the four selected isolates also suggested the ability to degrade enteric viruses 
and potentially other enteric pathogens, is widespread and a result of the community as a 
whole.  
Molecular methods such as PCR/DGGE in place of limited culturing techniques 
may provide a broader picture of what is occurring in the field. Whole communities of AGB 
could be assessed for changes pre and post MAR. Changes in populations may indicate 
species that play an important role in viral degradation. DGGE bands could be extracted to   146 
 
determine the organisms responsible for decay. DGGE patterns from aquifers 
demonstrating viral degradation could be compared to potential MAR sites to assess 
suitability.  
To expand the findings of this study, further investigations would need to be carried 
out into the antagonistic abilities of autochthonous groundwater bacteria, both individually 
and as a community. An important aspect of viral decay in situ  would be the spatial 
heterogeneity of the groundwater community and the extent of metabolic cooperation 
involved in viral decay.  This may be examined using biofilm experiments of groundwater 
communities, however this would not take into account bacteria within the community that 
may not be culturable. Enzyme probes and molecular community characterisation could be 
used to determine which enzymes are produced by groundwater communities in situ and give 
insight into diversity. This could provide a mechanism for molecular site assessment. The 
quantity of active enzymes of a groundwater community could potentially be used as an 
index for suitability of an aquifer for water quality improvement by MAR.  
As results of this study suggested that the cause of viral degradation is not closely 
associated to bacteria or not affected by their metabolic activity, the groundwater itself could 
be investigated. Results indicated the cause of viral decay was heat labile, therefore viruses 
could be incubated in fractions of groundwater with different molecular size ranges. If a 
fraction showed influence on viral decay, protein analysis could be undertaken to potentially 
isolate the agent of decay. This technique could be used to produce viral decay agents that 
could be used to clean up aquifers contaminated with effluent or used to increase the activity 
of AGB communities.  
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Further work is also needed to characterise viral decay in varying aquifer systems. 
This study focused on the decay of viruses in shallow quartz sand aquifers and the influence 
of aerobic bacteria. Groundwater is found in many different substrates and therefore varying 
physiochemical compositions, including redox potential that would influence the assemblages 
of autochthonous bacteria. It would also be important to investigate decay of other pathogen 
types, in particular those of importance world wide due to their contribution to waterborne 
disease, such as Rotavirus and the protozoan pathogens Cryptosporidium and Giardia.  
Results from this study have major implications for maintaining water quality and 
supply by MAR as water continues to become a more highly valued commodity. Water reuse 
is on the increase in Australia and results indicating the ability to predict and control the 
decay of potential waterborne pathogens can only aid in bolstering public support. 
   148 
 
Chapter 6 
REFERENCES 
 
Abbaszadegan, M., Huber, M.S., Gerba, C. P. and Pepper, I.L. (1993) Detection of 
enteroviruses in groundwater with the polymerase chain reaction. Applied and 
Environmental Microbiology, 59 (5): 1318-1324. 
Ahmad, A., Davies, J., Randall, S. and Skinner, G. R. B. (1996) Antiviral properties of Opuntia 
streptacantha. Antiviral Research, 30: 75-85. 
Allard, A., Albinsson, B. and Wadell, G. (1992) Detection of adenovirus in stools from 
healthy persons and patients with diarrhea by two-step polymerase chain reaction. 
Journal of Medical Virology, 37: 149-157. 
Allard, A., Girones, R., Juto, P. and Wadell, G. (1990) Polymerase chain reaction for 
detection of adenovirus in stool samples. Journal of Clinical Microbiology, 28: 2659-2667. 
Altschul, S. F., Madden, T. L., Schaffer, A. A., Zhang, J., Zhang, Z., Miller, W. and Lipman, 
D. J. (1997) Gapped BLAST and PSI-BLAST: a new generation of protein database 
search programs. Nucleic Acid Research, 25: 3389-3402. 
Amann, R., Stromley, J., Devereux, R., Key, R. and Stahl, D. A. (1992) Molecular and 
microscopic identification of sulfate-reducing bacteria in multispecies biofilms. 
Applied and Environmental Microbiology, 58 (2): 614-623.  
  149 
American Public Health Association (APHA) (1998) Standard methods for the examination 
of water and wastewater, 20th ed. American Public Health Association, Washington, 
D.C. 
Aoi, Y., Miyoshi, T., Okamoto, T., Tsuneda, S., Hirata, A., Kitayama, A. and Nagamune, T. 
(2000) Microbial ecology of nitrifying bacteria in wastewater treatment process 
examined by fluorescence in situ hybridization. Journal of Bioscience and Bioengineering, 90 
(3): 234-240. 
Aquaculture Council of WA (no date) Perth Basin. [Online] Available: 
www.aquaculturecouncilwa.com/atlas/perth_basin.htm (accessed 06/09/2004). 
Asano, T. and Levine, A.D. (1996) Wastewater reclamation, recycling and reuse: past, present 
and future. Water Science and Technology, 33(10/11): 1-14. 
Atlas, R. M. (1993) Handbook of Microbiological Media. CRC Press, Boca Raton. 
Bach, H. –J., Tomanova, J., Schloter, M. and Munch, J. C. (2002) Enumeration of total 
bacteria and bacteria with genes for proteolytic activity in pure cultures and in 
environmental samples by quantitative PCR mediated amplification. Journal of 
Microbiological Methods, 49: 235-245. 
Balkwill, D. L. and Ghiorse, W. C. (1985) Characterization of subsurface bacteria associated 
with two shallow aquifers in Oklahoma. Applied and Environmental Microbiology, 50 (3): 
580-588. 
Balkwill, D. L., Reeves, R. H., Drake, G. R., Reeves, J. Y., Crocker, F, H., King, M. B. and 
Boone, D. R. (1997) Phylogenetic characterization of bacteria in the subsurface 
microbial culture collection. FEMS Microbiology Reviews, 20: 201-216. 
Banning, N. (1997) "Assessment of Microbial Biodiversity in Groundwater on the Perth 
Coastal Plain." Honours Thesis, University of Western Australia.   150 
 
Bekele, E., Toze, S., Rümmler, J., Hanna, J., Blair, P., and Turner, N. (2006) Improvements 
in wastewater quality from soil and aquifer passage using infiltration galleries: case 
study in Western Australia. Proceedings of the 5
th International Symposium on Management of 
Aquifer Recharge, June 11 – 16
th 2005, Berlin. (in press). 
Briones, A. M. and Reichardt, W. (1999) Estimating microbial population counts by ‘most 
probable number’ using Microsoft Excel®. Journal of Microbiological Methods, 35: 157-
161. 
Büchen-Osmond, C. (Ed.), (2003) 00.001. Adenoviridae. In: ICTVdB – The Universal Virus 
Database, version 3.  ICTVdB Management, Columbia University, New York, NY, 
USA. 
Burgess, J. G., Jordan, E. M., Bregu, M., Mearns-Spragg, A. and Boyd, K. G. (1999) 
Microbial antagonism: a neglected avenue of natural products research. Journal of 
Biotechnology, 70: 27-32. 
Cann, A.J. (1999) Picornaviruses. [Online] Available: 
www.tulane.edu/~dmsander/WWW/335/ Picornaviruses.html (accessed 
25/09/2001). 
Centre for Groundwater Studies (2003) Groundwater Information. [Online] Available: 
www.groundwater.com.au/glossary/content.asp (accessed 20/08/2004). 
Chapelle, F. H. (2001) Ground Water Microbiology and Geochemistry. 2
nd
Chicz, R. M. and Regnier, F. E. (1990) High-Performance Liquid Chromatography: Effective 
Protein Purification by Various Chromatographic Modes. In: Methods in Enzymology 
 ed. John Wiley and Sons, 
Inc., New York. 
Chèneby, D., Philippot, L., Hartmann, A., Hénault, C. and Germon, J. (2000) 16S rDNA 
analysis for characterization of denitrifying bacteria isolated from agricultural soils. 
FEMS Microbiology Ecology, 34: 121-28.  
  151 
Volume 182: Guide to Protein Purification. (Ed.) M. P. Deutscher. Academic Press, Inc., 
San Diego. 
Clegg, C. D., Ritz, K. and Griffiths, B. S. (2000) %G+C profiling and cross hybridisation of 
microbial DNA reveals great variation in below ground community structure in UK 
upland grasslands. Applied Soil Ecology, 14: 125-134. 
Cliver, D. O. and Herrmann, J. E. (1972) Proteolytic and microbial inactivation of 
enteroviruses. Water Research, 6: 797-805. 
Corstjens, P. L. A. M., de Vrind, J. P. M., Westbroek, P. And de Vrind- de Jong, E. W. (1992) 
Enzymatic iron oxidation by Leptothrix discophora: identification of an iron-oxidizing 
protein. Applied and Environmental Microbiology, 58(2): 450-454. 
Crompton, H. (1992) A Quick Guide to Useful Nitrogen Fixing Trees from Around the World. 
[Online] Available: http://www.winrock.org/forestry/factpub/FACTSH 
  /A_saligna.html (accessed 07/02/2006). 
Cunha S., Tiago, I., Pires, A.L., da Costa, M.S., and Verissimo, A. (2006) Dokdonella fugitiva sp. 
nov., a Gammaproteobacterium isolated from potting soil. Systematic and Applied 
Microbiology, 29(3): 191-196. 
D'Cruz, O. J. and Uckun, F. M. (2001) Effect of pretreatment of semen with pokeweed 
antiviral protein on pregnancy outcome in the rabbit model. Fertility and Sterility, 76 
(4): 830-833. 
Deininger, R. A. and Lee, J. Y. (2001) Rapid determination of bacteria in drinking water     
using an ATP assay. Field Analytical Chemistry and Technology, 5(4): 185-189. 
Department of Environment (2003a) Perth Groundwater Atlas. [Online] Available: 
www.wrc.wa.gov.au/infocentre/atlas/atlas_html/ (accessed 06/09/2004). 
Department of Environment (2003b) Policy on Assessing the Leederville and Yarragadee Aquifers in 
Perth. Department of Environment, Perth.   152 
 
Department of Planning and Infrastructure (2004) Perth Population. [Online] Available: 
www.dpi.wa.gov.au/dialogue/facts_pop.html/ (accessed 28/09/2004). 
Dillon, P., Pavelic, P., Toze, S., Ragusa, S., Wright, M., Peter, P., Martin, R., Gerges, N. and 
Rinck-Pfieffer, S. (1999) Storing recycled water in an aquifer, benefits and risks. 
AWWA Journal Water, 26: 21-29. 
Dillon, P., Toze, S., Pavelic, P., Skjemstad, J., Davis, G., Miller, R., Correll, R., Kookana, R., 
Ying G.-G., Herczeg, A., Filderbrandt S., Banning, N., Gordon, C., Wall, K., 
Nicholson, B., Vanderzalm, J.,  Le Gal La Salle, C.,  Gibert, M.,  Ingrand, V., 
Guinamant, J-L., Stuyfzand, P., Prommer, H., Greskowiak, J.,  Swift, R., Hayes, M., 
O’Hara, G., Mee, B., and Johnson, I. (2005) Water Quality Improvements During Aquifer 
Storage and Recovery, Vol 1. Water Quality Improvement Processes. AWWARF Project 2618, 
Final Report. 
Drake, H. L., Küsel, K. and Matties, C. (2002) Ecological consequences of the phylogenetic 
and physiological diversities of acetogens. Antonie van Leeuwenhoek, 81 (1/4): 203-213. 
Dunn, M. J. (1995) Determination of Total Protein Concentration. In: Protein Purification 
Methods: A Practical Approach. (Eds.) E. L. V. Harris and S. Angal. Oxford University 
Press, Oxford.  
Ehrlich, H. L. (1998) Geomicrobiology: it’s significance for geology. Earth Science Reviews, 45: 
45-60. 
Ekong, R. and Wolfe, J. (1998) Advances in fluorescent in situ hybridisation. Current Opinions 
in Biotechnology, 9: 19-24. 
El-Mekkawy, S., Meselhy, M. R., Nakamura, N., Tezuka, Y., Hattori, M., Kakiuchi, N., 
Shimotohno, K., Kawahata, T. and Otake, T. (1998) Anti-HIV-1 and Anti-HIV-1-
protease substances from Ganoderma lucidum. Phytochemistry, 49 (6): 1651-1657.  
  153 
European Bioinformatics Institute (EBI) (2004) ClustalW WWW Service at the European 
Bioinformatics Institute. Available [Online]: http://www.ebi.ac.uk/clustalw 
 (accessed 30/11/2004). 
Fields, B. N., Knipe, D. M. and Howley, P. M., Eds. (1996) Fundamental Virology, 3rd ed. 
Raven Press Ltd., New York. 
Fischer, U. R. and Velimirov, B. (2000) Comparative study of the abundance of various 
bacterial monotypes in an eutrophic freshwater environment determined by AODC 
and TEM. Journal of Microbiological Methods, 39: 213-224. 
Garfin, D. E. (1990) One-dimensional gel electrophoresis. Methods in Enzymology, 182: 425-
441. 
Gilarová, R., Voldřich, M., Demnerová, K., Čeřovsky, M. and Dobiáš, J. (1994) Cellular fatty 
acid analysis in the identification of lactic acid bacteria. International Journal of Food 
Microbiology, 24: 315-319. 
González, J. M. (1996) A general purpose program for obtaining Most Probable Number 
tables. Journal of Microbiological Methods, 26: 215-218. 
Gordon, C. (2001) "Comparison of the Influence of Groundwater Processes on the Survival 
of Enteric Viruses." Honours Thesis, University of Western Australia. 
Gordon, C. and Toze, S. (2003) Influence of groundwater characteristics on the survival of 
enteric viruses. Journal of Applied Microbiology, 95 (3): 536-544.  
Gordon, C. Wall, K., Toze, S. and O’Hara, G. (2002) Influence of conditions on the survival 
of enteric viruses and indicator organisms in groundwater. In: Management of Aquifer 
Recharge for Sustainability. (Ed.) P. Dillon. Balkema Publishers Australia. 
Gounot, A. M. (1994) Microbial ecology of groundwaters. In: Groundwater Ecology. (Eds.) J. 
Gibert, D. L. Danielopol, and J. A., Stanford. Academic Press, Inc., San Diego.   154 
 
Griffiths, B. S., Díaz-Raviña, M., Ritz, K., McNicol, J. W., Ebblewhite, N. and Bååth, E. 
(1997) Community DNA hybridisation and %G+C profiles of microbial 
communities from heavy metal polluted soils. FEMS Microbiology Ecology, 24: 103-112. 
Harris, E. L. V. (1995) Initial Planning: Introduction. In: Protein Purification Methods: A Practical 
Approach. (Eds.) E. L. V. Harris, and S. Angal. Oxford University Press, Oxford. 
Hendel, B., Marxsen, J., Fiebig, D. and Preu, G. (2001) Extracellular enzyme activities during 
slow sand filtration in a water recharge plant. Water Research, 35 (10): 2484-2488. 
Heng, H. H. Q. and Tsui, L. C. (1998) High resolution free chromatin/DNA fiber 
fluorescent in situ hybridization. Journal of Chromatography A, 806: 219-229. 
Hill, C. R., Thompson, L. G. and Kenney, A. C. (1995) Immunopurification. In: Protein 
Purification Methods: A Practical Approach. (Eds.) E. L. V. Harris, and S. Angal. Oxford 
University Press, Oxford. 
Hjelmeland, L. M. (1990) Solubilization of Native Membrane Proteins. In: Methods in 
Enzymology Volume 182: Guide to Protein Purification. (Ed.) M. P. Deutscher. Academic 
Press, Inc., San Diego. 
Hudson, J. B., Kim, J. H., Lee, M. K., DeWreede, R. E. and Hong, Y. K. (1999) Antiviral 
compounds in extracts of Korean seaweeds: evidence for multiple activities. Journal of 
Applied Phycology, 10: 427-434. 
Hurst, C. J. (1988) Enteric virus survival in surface freshwaters. Water Science and Technology, 20 
(11/12): 473-476.  
Jansons, J., Edmonds, L. W., Speight, B. and Bucens, M. R. (1989) Survival of viruses in 
groundwater. Water Research, 23 (3): 301-306. 
Jiménez, L. (1990) Molecular analysis of deep-subsurface bacteria. Applied and Environmental 
Microbiology, 56 (7): 2108-2113.  
  155 
Jukes, T. H, and Cantor, C. R. (1969) Evolution of protein molecules. In: Mammalian protein 
metabolism. (Ed.) H. N. Munro. Academic Press, New York. 
Kane, S. R., Beller, H. R., Legler, T. C., Koester, C. J., Pinkart, H. C., Halden, R. U. and 
Happel, A. M. (2001) Aerobic biodegradation of methyl tert-butyl ether by aquifer 
bacteria from leaking underground storage tank sites. Applied and Environmental 
Microbiology, 67 (12): 5824-5829. 
Keswick, B. H. and Gerba, C. P. (1980) Viruses in groundwater. Environmental Science and 
Technology, 14 (11): 1290-1297. 
Keswick, B.H., Gerba, C. P., Secor, S. L. and Cech, I. (1982). Survival of enteric viruses and 
indicator bacteria in groundwater, Journal of Environmental Science and Health, A17: 903-
912. 
King, L. K. and Parker, B. C. (1988) A simple, rapid method for enumerating total viable and 
metabolically active bacteria in groundwater. Applied and Environmental Microbiology, 54 
(6): 1630-1631. 
Knowlton, D. R. and Ward, R. L.  (1987) Characterization of virucidal agents in activated 
sludge. Applied and Environmental Microbiology, 53 (4): 621-626. 
Kölbel-Boelke, J., Tienken, B. and Nehrkorn, A. (1988a) Microbial communities in the 
saturated groundwater environment І: methods of isolation and characterization of 
heterotrophic bacteria. Microbial Ecology, 16: 17-29. 
Kölbel-Boelke, J., Anders, E. and Nehrkorn, A. (1988b) Microbial communities in the 
saturated  groundwater  environment  ІІ:  diversity  of  bacterial  communities  in  a 
pleistocene sand aquifer and their in vitro activities. Microbial Ecology, 16: 31-48. 
Kozdrój, J. and van Elsas, J. D. (2001) Structural diversity of microbial communities in arable 
soils of a heavily industrialised area determined by PCR-DGGE fingerprinting and 
FAME profiling. Applied Soil Ecology, 17: 31-42.   156 
 
Krieg, N. R. (Ed) (1984) Bergey’s Manual of Systemic Bacteriology Volume 1. Williams and Wilkins, 
Baltimore. 
Kutz, S. M. and Gerba, C. P. (1988) Comparison of virus survival in freshwater sources. 
Water Science and Technology, 20 (11/12): 467-471. 
Lane, D.J. (1991) 16S/23S rRNA sequencing. In: Nucleic Acid Techniques in Bacterial Systematics, 
pp. 115-175. (Eds.) E. Stackebrandt and M. Goodfellow. Academic Press, Inc., 
Chichester. 
Laue, T. M. and Rhodes, D. G. (1990) Determination of Size, Molecular Weight, and 
Presence of Subunits. In: Methods in Enzymology Volume 182: Guide to Protein Purification. 
(Ed.) M. P. Deutscher. Academic Press, Inc., San Diego. 
Leahy, J. G., Byrne, A. M. and Olsen, R. H. (1996) Comparison of factors influencing 
trichloroethylene degradation by toluene-oxidizing bacteria. Applied and Environmental 
Microbiology, 62 (3): 825-833. 
 
Li, Z., Clarke, A. J. and Beveridge, T. J. (1998) Gram-negative bacteria produce membrane 
vesicles which are capable of killing other bacteria. Journal of Bacteriology, 180 (20): 
5478-5483. 
Luria, S. E., Darnell Jr., J. E., Baltimore, D. and Campbell, A. (1978) General Virology 3
rd ed. 
John Wiley and Sons, New York. 
Ludwig, W., Strunk, O., Westram, R., Richter, L., Meier, H., Yadhukumar, Buchner, A., Lai, 
T., Steppi, S., Jobb, G., Förster, W., Brettske, I., Gerber, S., Ginhart, A. W., Gross, 
O., Grumann, S., Hermann, S., Jost, R., König, A., Liss, T., Lüßmann, R., May, M., 
Nonhoff, B., Reichel, B., Strehlow, R., Stamatakis, A., Stuckmann, N., Vilbig, A., 
Lenke, M., Ludwig, T., Bode A. and Schleifer, K.  (2004) ARB: a software 
environment for sequence data. Nucleic Acids Research, 32(4): 1363-1371.  
  157 
Massol-Deyá, A., Weller, R., Ríos-Hernández, L., Zhou, J. –Z., Hickey, R. F. and Tiedje, J. 
M. (1997) Succession and convergence of biofilm communities in fixed-film reactors 
treating aromatic hydrocarbons in groundwater. Applied and Environmental Microbiology, 
63 (1): 270-276. 
McArthur W.M. and Bettenay E. (1974). The development and distribution of soils of the Swan 
Coastal Plain, Western Australia, 2
nd
Nobel, R.T. and Fuhrman, J.A. (1997) Virus decay and its causes in coastal waters. Applied 
and Environmental Microbiology, 63(1): 77-83. 
 ed. CSIRO, Australia Soil Publication No. 16. 
Muyzer, G., De Waal, E. C. and Uitterlinder, A. G. (1993) Profiling of complex microbial 
populations by denaturing gradient gel electrophoresis analysis of polymerase chain 
reaction-amplified genes coding for 16S rRNA. Applied and Environmental Microbiology, 
59 (3): 695-700. 
Nakajima, H., Itoh, K., Arakawa, E., Inoue, M., Mori, T. and Watanabe, H. (1994) 
Degradation of a Polymerase Chain Reaction (PCR) product by heat-stable 
deoxyribonuclease (DNase) produced from Yersinia enterocolitica.  Microbiology and 
Immunology, 38(2): 153-156. 
Nasser, A. M., Glozman, R. and Nitzan, Y. (2002) Contribution of microbial activity to virus 
reduction in saturated soil. Water Research, 36: 2589-2595. 
National Center for Biotechnology Information (NCBI) (2004) Index of Viruses. [Online] 
available: http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm (accessed 
30/11/2004). 
National Research Council (1994) Ground Water Recharge Using Waters of Impaired Quality. 
National Academy Press, Washington D. C. 
National Research Council (1998) Issues in Potable Reuse: The Viability of Augmenting Drinking 
Water Supplies with Reclaimed Water. National Academy Press, Washington D.C.   158 
 
O’Brien, P. T. and Newman, J. S. (1977) Inactivation of poliovirus and coxsackievirus in 
surface water. Applied and Environmental Microbiology, 33 (2): 334-340. 
Oh, Y., Shih, I., Tzeng, Y. and Wang, S. (2000) Protease produced by Pseudomonas aeruginosa 
K-187 and its application in the deproteinization of shrimp and crab shell wastes. 
Enzyme and Microbial Technology, 27: 3-10.   
Ozols, J. (1990) Amino Acid Analysis. In: Methods in Enzymology Volume 182: Guide to Protein 
Purification. (Ed.) M. P. Deutscher. Academic Press, Inc., San Diego. 
Pemberton, J. M., Kidd, S. P. and Schmidt, R. (1997) Secreted enzymes of Aeromonas. FEMS 
Microbiology Letters, 152: 1-10. 
Pendergrass, S. M. and Jensen, P. A. (1997) Application of the gas chromatography – fatty 
acid methyl ester system for the identification of environmental and clinical isolates 
of the family Micrococcaceae. Applied Occupational and Environmental Hygiene, 12 (8): 543-
546. 
Piraino, F. and Brandt, C. R. (1999) Isolation and partial characterization of an antiviral, RC-
183, from the edible mushroom Rozites caperata. Antiviral Research, 43: 67-78. 
Plumb, J. J., Bell, J. and Stucky, D. C. (2001) Microbial populations associated with treatment 
of an industrial dye effluent in an anaerobic baffled reactor. Applied Environmental 
Microbiology. 67(7): 3226-3235. 
Preneta, A. Z. (1995) Separation on the Basis of Size: Gel Permeation Chromatography. In: 
Protein Purification Methods: A Practical Approach. (Eds.) E. L. V. Harris and S. Angal. 
Oxford University Press, Oxford. 
Prescott, L. M., Harley, J. P. and Klein, D. A. (1996) Microbiology. 3
rd
Pyne, R. D. G. (1995) Groundwater Recharge and Wells: A Guide to Aquifer Storage and Recovery. 
Lewis Publishers, Boca Raton.   
 ed. Wm. C. Brown 
Publishers, Dubuque.  
  159 
Reasoner, D. J. and Geldreich, E. E. (1985) A new medium for the enumeration and 
subculture of bacteria from potable water. Applied and Environmental Microbiology. 49: 1-
7. 
Roe, S. (1995) Separation Based on Structure. In: Protein Purification Methods: A Practical 
Approach. (Eds.) E. L. V. Harris and S. Angal. Oxford University Press, Oxford. 
Rossomando, E. F. (1990) Ion Exchange Chromatography. In: Methods in Enzymology Volume 
182: Guide to Protein Purification. (Ed.) M. P. Deutscher. Academic Press, Inc., San 
Diego. 
Sadowsky, M. J. and Graham, P. H. (2000) Root and Stem Nodule Bacteria of Legumes. Release 
3.3. Available [Online]: http://141.150.157.117:8080/prokPUB/chaprender/jsp 
  /showchap.jsp?chapnum=273&initsec=03_00 (accessed 03/02/2006). 
Scatena, M. C. and Williamson, D. R. (1999) A potential role for artificial recharge in the Perth region: 
a pre-feasibility study. Centre for Groundwater Studies report No. 84. 
Schloter, M., Lebuhn, M., Heulin, T. and Hartmann, A. (2000) Ecology and evolution of 
bacterial microdiversity. FEMS Microbiology Reviews, 24: 647-660. 
Schreckenberger, P. C. (1995) Update on taxonomy of nonfastidious, glucose nonfermenting 
gram-negative bacilli. Clinical Microbiology Newsletter, 17(6): 41-48. 
Service, R. F. (1997) Microbiologists explore life's rich, hidden kingdoms. Science, 275: 1740-
1742. 
Sindambiwe, J. B., Calomme, M., Cos, P., Totté, J., Pieters, L., Vlietinck, A. and Vanden 
Berghe, D. (1999) Screening of seven selected Rwandan medicinal plants for 
antimicrobial and antiviral activities. Journal of Ethnopharmacology, 65: 71-77. 
Sneath, P. H., Mair, N. S. and Sharpe, M. E. (Eds) (1986) Bergey’s Manual of Systematic 
Bacteriology Volume 2. Williams and Wilkins, Baltimore.   160 
 
Staley, O. T., Bryant, M. P. and Pfennig, N. (Eds) (1989) Bergey’s Manual of Systematic 
Bacteriology Volume 3. Williams and Wilkins, Baltimore. 
Stanislavsky, E. S. and Lam, J. S. (1997) Pseudomonas aeruginosa antigens as potential vaccines. 
FEMS Microbiology Reviews, 21: 243-277. 
Stellwagen, E. (1990) Gel Filtration. In: Methods in Enzymology Volume 182: Guide to Protein 
Purification. (Ed.) M. P. Deutscher. Academic Press, Inc., San Diego. 
Stenou, A., Ouchane, S., Reiss-Husson, F. and Astier, C. (2004) Involvement of the C-
terminal  extension  of  the  α  polypeptide  of  the  Puc  C  protein  in  LH2  complex 
biosynthesis of Rubrivivax gelatinosus. Journal of Bacteriology, 186 (10): 3143-3152. 
Stetzenbach, L. D., Kelley, L. M. and Sinclair, N. A. (1986) Isolation, identification, and 
growth of well-water bacteria. Ground Water, 24 (1): 6-10. 
Stryer, L. (1995) Biochemistry. 4
th ed. W. H. Freeman and Company, New York. 
Systema Naturae 2000 (2006) Classification: Domain Bacteria. [Online] Available: 
http://sn2000.taxonomy.nl/Taxonomicon/TaxonTree.aspx?id=71320&tree=0.1&sy
n=1 (accessed 03/02/2006).  
Takahashi, K., Matsuda, M., Ohashi, K., Taniguchi, K., Nakagomi, O., Abe, Y., Mori, S., 
Sato, N., Okutani, K. and Shigeta, S. (2001) Analysis of anti-rotavirus activity of 
extract from Stevia rebaudiana. Antiviral Research, 49: 15-24. 
Tamarin, R. H. (1999) Principles of Genetics. 6
th ed. WCB McGraw-Hill, Boston.   
Thomas, J. M. and Ward, C. H. (1992) Subsurface microbial ecology and bioremediation. 
Journal of Hazardous Materials, 32: 179-194. 
Todar, K. (2004) The Diversity of Metabolism in Procaryotes. [Online] Available: 
textbookofbacteriology.net/metabolism.html (accessed 09/09/2004).  
  161 
Toze, S., Sly, L. I., MacRae, I. C. and Fuerst, J. A. (1990) Inhibition of growth of Legionella 
species by heterotrophic plate count bacteria isolated from chlorinated drinking 
water. Current Microbiology, 21: 139-143.  
Toze, S., Sly, L., Hayward, C. and Fuerst, J. (1993) Bactericidal effect of inhibitory non-
Legionella bacteria on Legionella pnuemophila. In: Legionella. Current Status and Emerging 
Perspectives. (Eds.) J. M. Barbaree, R. F. Breimen and A. P. Dufour. ASM Washington. 
Toze, S., Cahill, M., Sly, L. I. and Fuerst, J. A. (1994) The effect of Aeromonas strains on the 
growth of Legionella. Journal of Applied Bacteriology, 77: 169-174. 
Toze, S. and Hanna, J. (2002). The survival potential of enteric microbial pathogens in a 
reclaimed water ASR project. In: Management of Aquifer Recharge for Sustainability. (Ed.) 
P. Dillon. Balkema Publishers Australia. 
Toze S., Hanna J., Smith T. and Hick W. (2002). Halls Head Indirect Water Reclamation Project: 
Final Report, CSIRO Land and Water Consultancy Report, October, 2002. 
Toze, S., Hanna, J., Smith, T., Edmonds, L. and McCrow, A. (2004) Determination of water 
quality improvements due to the artificial recharge of treated effluent. Wastewater 
Reuse and Groundwater Quality. IAHS Publication 285, pp. 53-60. 
ViroPharma Inc. (2003) Picornavirus: Fact Sheet. [Online] Available: www.viropharm. 
com/healthcare/vri.html (accessed 29/04/2003). 
Wall, K. (2001) "Interactions of Groundwater Microorganisms with Enteric Viruses." 
Honours Thesis, Murdoch University. 
Wall, K., Toze, S. and O’Hara, G. (2004) The fate of enteric pathogens in artificial recharge 
schemes. Water and Environmental Management. pp. 53-60. 
Wall, K, Toze, S. and O’Hara, G. (2006) Interactions of indigenous groundwater bacteria 
with enteric viruses, as microcosms versus individuals, during water quality   162 
 
improvement by aquifer storage and recovery (ASR). Proceedings of the 5
th International 
Symposium on Management of Aquifer Recharge, June 11 – 16
th
Water Corporation (2003a) Groundwater. [Online] Available: 
 2005, Berlin. (in press). 
Walter, R., Baumgartinger, C. and Schwabl, M. (1995) Viruses in river waters and sediments 
in Austria. Water Science and Technology, 31 (5/6): 395-401. 
Ward, R. L., Knowlton, D. R. and Winston, P. E. (1986) Mechanisms of inactivation of 
enteric viruses in fresh water. Applied and Environmental Microbiology, 52 (3): 450-459. 
www.watercorporation.com.au/owf/owf_options_groundwater.cfm (accessed 
06/09/2004). 
Water Corporation (2003b) Wastewater… [Online] Available: www.watercorporation.com.au/ 
  wastewater/index.cfm?rootparent=wastewater (accessed 28/09/2004). 
Water Corporation (2003c) Planning For New Water Sources. [Online] Available: 
www.ourwaterfuture.com.au/supply/content_dams_sources.asp  (accessed 
28/09/2004). 
Whipple, A., Levine, Z., Damon-Moore, L., Kahrl, A., Sacks, H., Stulberg, M., Smith, C. M. 
and Scogin, S. (2004) The Microbial Biorealm.  [Online] Available: 
www.biology.kenyan.edu/Microbial_Biorealm/ (accessed 07/02/2004). 
Whittington, P. N. (1995) Clarification and Extraction: Clarification. In: Protein Purification 
Methods: A Practical Approach. (Eds.) E. L. V. Harris and S. Angal. Oxford University 
Press, Oxford. 
Willems, A., Fernández-López, M., Muñoz-Adelantado, E., Goris, J., De Vos, P., Martínez-Romero, 
E., Toro, N. and Gillis, M. (2003) Description of new Ensifer strains from nodules and 
proposal to transfer Ensifer adhaerens Casida 1982 to Sinorhizobium as Sinorhizobium adhaerens 
comb. nov. request for an opinion. International Journal of Systematic and Evolutionary 
Microbiology, (53): 1207–1217.  
  163 
Wilson, J. T., McNabb, J. F., Balkwill, D. L. and Ghiorse, W. C. (1983) Enumeration and 
characterisation of bacteria indigenous to a shallow water-table aquifer. Ground Water, 
21 (2): 134-142. 
Yates, M. V., Stetzenbach, L. D., Gerba, C. P. and Sinclair, N. A. (1990) The effect of 
indigenous bacteria on virus survival in ground water. Journal of Environmental Science 
and Health, A25 (1): 81-100. 
Yates, M. V., Gerba, C. P. and Kelley, L. M. (1985) Virus persistence in groundwater. Applied 
and Environmental Microbiology, 49(4): 778-781. 
Yeager, J. G. and O’Brien, R. T. (1979) Structural changes associated with poliovirus 
inactivation in soil. Applied and Environmental Microbiology, 38: 702-709. 
Yoon, J. H., Kang, S. J. and Oh, T. K. (2006) Dokdonella koreensis gen. nov., sp. nov., isolated 
from soil. International Journal of Systematic and Evolutionary Microbiology, 56(1): 145-50. 
 
   164 
 
Chapter 7 
APPENDICES 
 
 
 
 
 
 
 
 
 
 
  
  165 
7.1 Appendix 1: Media 
 
R2A 
 
The media contains 15.0 g/L agar, 0.5 g/L yeast extract, 0.25 g/L tryptone, 0.75 g/L 
peptone, 0.5 g/L glucose, 0.5 g/L starch, 0.3 g/L K2HPO4, 0.024 g/L MgSO4 and 0.3 g/L 
sodium pyruvate. 
 
GSP 
 
The medium contains 10.0 g/L sodium L (+) glutamate, 20.0 g/L soluble starch, 2.0 g/L 
potassium dihydrogen phosphate, 0.5 g/L magnesium sulphate, 0.36 g/L phenol red and 
12.0 g/L agar. 
Hugh-Leifson 
 
The media contained 5.0 g/L NaCl, 3.0 g/L agar, 2.0 g/L peptone, 0.3 g/L K2HPO4, 100.0 
mL/L 10% glucose solution and 15.0 mL/L 0.2% bromothymol blue solution (Atlas, 1993). 
 
Nitrate reducing 
 
The broth contains 20.0 g/L pancreatic digest of casesin and 2.0 g/L KNO3. 
 
Fermenter 
 
The broth contained 2.5 g/L NaHCO3, 0.1 g/L CaCl2.2H2O, 0.1 g/L KCl, 1.5 g/L NH4Cl, 
0.6 g/L NaH2PO4.H2O and 6.8 g/L NaCH3COO. 
Per 10 mL tube 
Carbohydrate solution 1.0 mL 
Trace vitamins 0.1 µL 
Trace minerals 0.1 µL 
Sodium acetate/lactate solution 0.35 µL 
 
Carbohydrate solution 
 
Compositions of the additions are as follows. The carbohydrate solution contained 6.0 g/100 
mL glucose, 12.5 g/100 mL pancreatic digest of casein and 0.1 g/100 mL bromothymol blue.   
 
The solution was filtered through a sterile 0.2 µm syringe filter into a prepared nitrogen 
flushed sterile bottle and boiled in a microwave. Nitrogen was then passed over the solution 
with a sterile needle and filter to ensure the solution was anaerobic. 
 
Trace vitamins contained 2.0 mg/L biotin, 2.0 mg/L folic acid, 10.0 mg/L pyridoxine 
hydrochloride, 5.0 mg/L thiamine hydrochloride, 5.0 mg/L riboflavin, 5.0 mg/L nicotinic 
acid, 5.0 mg/L DL calcium pantothenate, 0.1 mg/L vitamin B12, 5.0 mg/L ρ-aminobenzoic 
acid and 5.0 mg/L lipoic acid.     166 
 
Trace minerals contained 1.5 g/L nitrilotriacetic acid, 3.0 g/L MgSO4.7H2O, 0.5 g/L 
MnSO4.2H2O, 1.0 g/L NaCl, 0.1 g/L FeSO4.7H2O, 0.1 g/L CaCl2.2H2O, 0.1 g/L CoSO4 or 
CoCl2, 0.1 g/L ZnSO4,  0.1 g/L CuSO4.5H2O, 0.1 g/L AlK(SO4)2, 0.1 g/L H3BO3 and 0.1 
g/L Na2MoO4.2H2O.    
 
Sodium acetate/lactate solution contains 3.5 g/100 mL sodium lactate and 12.5 g/100 mL 
sodium acetate.   
 
Sulfate Reducers 
 
The broth contained 4.08 g/L 60 % sodium lactate, 2.0 g/L MgSO4.7H2O, 1.0 g/L NH4Cl, 
1.0 g/L CaSO4, 1.0 g/L yeast extract, 0.5 g/L KH2PO4, 0.5 g/L FeSO4.7H2O, 0.1 g/L 
Ascorbic acid, 0.1 g/L thioglycollic acid and a grain of resazurin. 
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7.2 Appendix 2: Autochthonous Groundwater Isolate Characteristics 
HHB= Halls Head Background bore water 
OGW= CSIRO Onsite Ground Water 
HHP= Halls Head Production bore water 
#  Name  Media  Colour  Colony 
Appearance 
Cell Morphology  Gram  Oxidase  Catalase  Fermentation of 
Glucose 
Nitrate 
Reduction 
1C  HHB 2.8  R2A  White  Dry, spreading  Rods   −  −  +  −  − 
1E  HHB 1.14  GSP  Yellow 
/brown 
Large, shiny, 
raised, spreading 
edges 
Long rods, 
almost 
filamentous 
−  +  +  −   
1F  OGW 1.2  GSP  Purple   Large, shiny, 
raised, clear edges 
Rods   −  +  +  +  − 
1G  HHB 2.4  R2A  Transparent/colourless   Very small, shiny  Rods   −  +  +  +  + 
1I  HHB 2.11  R2A  Pink/purple  Very small, shiny, 
mucoid 
Rods   −  −  +  −   
2A  HHB 2.9  R2A  Creamy   Very small, 
raised, smooth 
edges 
Thin rods  −  +  +  −   
2B  HHB 2.6  R2A  Transparent/colourless  Very small, shiny  Short rods   −  +  +  −   
2C  HHB 2.5  R2A  Transparent/colourless  Flat, spreading 
growth 
Thin rods  −  −  +  −   
2D  HHB 2.10  R2A  Creamy opalescent   Very small, shiny  Cocci  −  −  +  −     168 
 
#  Name  Media  Colour  Colony 
Appearance 
Cell Morphology  Gram  Oxidase  Catalase  Fermentation of 
Glucose 
Nitrate 
Reduction 
2H  HHB 2.1  R2A  Creamy   Shiny, spreading 
growth 
Short rods  −  +  +  −   
2I  HHB 2.2  R2A  Creamy   Very small, 
spreading 
growth, shiny 
Short rods  −  +  +  −   
2J  HHB 2.3  R2A  Creamy/ transparent   Dull, spreading 
growth 
Short rods  −  +  +  −   
3A  HHB 2.7  R2A  Yellow   Large, raised, 
mucoid, shiny 
Rods   −  +  +  −  + 
3B  HHB 1.9  R2A  Transparent/colourless  Very small, shiny  Rods   −    +  −   
3G  HHB 1.7.2  GSP  Purple   Raised, shiny  Thin rods  −    +  −   
3J  HHB 1.1  R2A  Creamy  Very small, shiny  Cocci or very 
short rods 
−  +  +  −  − 
4A  HHB 1.5  R2A  Creamy   Shiny, spreading 
growth 
Short rods  −  −  +  −   
4B  HHB 1.4  R2A  Transparent/light yellow 
/iridescent pink in light 
Shiny   Long rods  −  +  +  −  + 
4C  HHB 1.3  R2A  Transparent/dark yellow  Very small, shiny, 
spreading growth 
Short rods  −  +  +  −   
4D  HHB 1.2  R2A  Transparent/yellow  Spreading growth  Rods   −  +  +  −   
4E  HHB 2.12  R2A  Transparent/pink 
/brown 
Shiny   Rods   −  −  +  −   
4F  HHB 1.16.2  GSP  Pink/red  Shiny   Thin rods  −  +  +  +  + 
4G  OGW 4.2  GSP  Pink/red  Spreading 
growth, mucoid 
Short rods  −  +  +  −   
4I  HHB 1.20  R2A  Creamy   Small, shiny  Rods   −  +  +  −  − 
4J  HHB 1.7.1  R2A  Transparent/creamy 
/white 
Very small  Rods   −  +  +  +  + 
5A  OGW 2.2.2  GSP  Pink/red  Spreading 
growth, shiny 
Rods   −  +  +  +   
5F  HHB 1.11  R2A  Creamy   Very small  Cocci or very 
short rods 
−  +  +  −    
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#  Name  Media  Colour  Colony 
Appearance 
Cell Morphology  Gram  Oxidase  Catalase  Fermentation of 
Glucose 
Nitrate 
Reduction 
5G  HHB 1.12  R2A  Yellow   Large, raised 
(hard to pick up) 
Short rods  −  +  +  −   
5H  HHB 1.13  R2A  Colourless   Very small  Short rods  −  +  +  −   
5I  HHB 1.14  R2A  Transparent/dirty 
yellow 
Large, spreading 
growth 
Rods   −  +  +  −   
5J  HHB 1.15  R2A  Transparent/dirty 
yellow 
Spreading growth  Rods   −  +  +  −   
6B  HHB 1.7  R2A  Colourless   Very small, flat, 
spreading growth 
Small rods  −  +  +  −   
6C  HHB 1.18.1  R2A  Colourless    Filamentous rods  −    +  −   
6D  HHB 1.18.2  R2A  Creamy   Small, shiny  Rods   −  +  +  −   
6E  HHB 1.19  R2A  Creamy   Small, shiny  Rods   −  +  +  −   
6H  OGW 1.2  R2A  Transparent/creamy     Cocci   −  +  +  +   
6I  OGW 1.3  R2A  Transparent/yellow    Thin rods  −  +  +  +   
6J  OGW 3.2  R2A  White   Feathery   Short rods  +  −  +  +  + 
7B  HHP 1.2  R2A  Creamy   Spreading 
growth, shiny 
Short rods  −  +  +  +   
7D  HHP 1.1  R2A  Transparent/creamy  Flat, mucoid, 
rough edges 
Very small rods  −  +  +  −   
7F  OGW 1.7  R2A  Transparent/white    Long rods  −    +  +   
7G  HHP 2.5  R2A  Creamy   Spreading 
growth, shiny 
Short rods  −  +  +  +  + 
7H  HHP 2.4  R2A  White   Large, shiny  Cocci   −  +  +  +   
7J  HHP 2.3  GSP  Orange/red  Dry edges, 
spreading growth 
Rods   −  +  +  +   
8A  HHP 1.4.2  R2A  Transparent/creamy 
/white 
Small, shiny, 
mucoid 
Small short rods  −  +  +  +   
8B  HHP 1.4.1  R2A  Cloudy white  Shiny, mucoid  Small short rods  −  +  +  +   
8D  HHP 1.3.2  R2A  Creamy   Small, shiny, 
spreading growth 
Cocci or short 
rods 
−  +  +  +   
8G  HHP 1.5  R2A  Creamy   Shiny   Short rods  −  +  +  −     170 
 
#  Name  Media  Colour  Colony 
Appearance 
Cell Morphology  Gram  Oxidase  Catalase  Fermentation of 
Glucose 
Nitrate 
Reduction 
8I  HHP 1.3.1  R2A  Creamy     Very small, 
spreading growth 
Cocci   −  +  +  +   
9B  OGW 4.1  R2A  White   Small, flat, shiny, 
spreading growth 
Short rods  −  −  +  +   
9E  OGW 2.3  R2A  Transparent/yellow   Small, smooth 
edges, shiny, 
spreading growth 
Very small rods  −  +  +  −  − 
9G  HHP 2.1  GSP  Orange/red  Large, rough 
edges, dull, 
mucoid 
Small rods  −  −  +  −  − 
9H  HHP 2.2  R2A  Creamy   Raised, smooth 
edges and flat 
lawns 
Small rods   −  +  +  +   
10A  HHB 1.16.1  R2A  Transparent/creamy  Small, raised, 
smooth edges 
Very small rods  −  +  +  +   
10B  OGW 4.3.2  R2A  Colourless   Very small, 
raised, smooth 
edges, shiny 
Rods in chains 
and pairs 
−    +  +  + 
10C  OGW 1.5  R2A  Creamy 
/yellow 
Very small, 
raised, smooth 
edges, shiny 
Cocci or very 
short rods  
−  +  +  +   
10D  OGW 1.6  R2A  White   Very small, 
raised, sooth 
edges, dull 
Rods   −    +  −   
10E  OGW 4.5  R2A  Transparent/creamy 
/white 
Small, smooth 
edges 
Short rods  −  +  +  −  + 
10F  OGW 2.1  R2A  White   Small, shiny, 
spreading growth 
Short rods  −  +  +  +  + 
10G  OGW 2.2.1  R2A  Creamy   Very small, shiny, 
smooth edges 
Very small rods  −  +  +  −  − 
10H  HHB 1.10  R2A  Colourless   Very small  Very small, short 
rods 
−  +  +  −    
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#  Name  Media  Colour  Colony 
Appearance 
Cell Morphology  Gram  Oxidase  Catalase  Fermentation of 
Glucose 
Nitrate 
Reduction 
10I  HHB 1.8  R2A  Creamy 
/yellow 
Very small, shiny, 
smooth edges, 
raised 
Very small, short 
rods 
−  +  +  −   
10J  OGW 1.4  R2A  Yellow   Large, raised, 
shiny, smooth 
edges 
Very small rods  −    +  −   
1.1  Nitrate 
Reducer 1 
Nitrate 
broth/agar 
Creamy   Small, smooth 
edges 
        −  + 
1.2  Nitrate 
Reducer 2 
Nitrate 
broth/agar 
Creamy  Small, smooth 
edges 
        −  + 
2.1  Fermenter 1  Fermentation 
broth/agar 
Yellow/green  Small, smooth 
edges 
        +  − 
2.2  Fermenter 2  Fermentation 
broth/agar 
Blue/green  Small, smooth 
edges 
        +  −   172 
 
7.3 Appendix 3: Viral Capsid Sequences 
Coxsackievirus protein coat sequence 
 
MGAQVSTQKTGAHETRLNASGNSIIHYTNINYYKDAASNSANRQDFTQDPGKFTEPVKDIMIKSL
PALNSPTVEECGYSDRVRSITLGNSTITTQECANVVVGYGVWPDYLKDSEATAEDQPTQPDVATC
RFYTLDSVQWQKTSPGWWWKLPDALSNLGLFGQNMQYHYLGRTGYTVHVQCNASKFHQGCLLVVC
VPEAEMGCATLDNTPSSAELLGGDSAKEFADKPVASGSNKLVQRVVYNAGMGVGVGNLTIFPHQW
INLRTNNSATIVMPYTNSVPMDNMFRHNNVTLMVIPFVPLDYCPGSTTYVPITVTIAPMCAEYNG
LRLAGHQGLPTMNTPGSCQFLTSDDFQSPSAMPQYDVTPEMRIPGEVKNLMEIAEVDSVVPVQNV
GEKVNSMEAYQIPVRSNEGSGTQVFGFPLQPGYSSVFSRTLLGEILNYYTHWSGSIKLTFMFCGS
AMATGKFLLAYSPPGAGAPTKRVDAMLGTHVVWDVGLQSSCVLCIPWISQTHYRFVASDEYTAGG
FITCWYQTNIVVPADAQSSCYIMCFVSACNDFSVRLLKDTPFISQQNFFQGPVEDAITAAIGRVA
DTVGTGPTNSEAIPALTAAETGHTSQVVPGDTMQTRHVKNYHSRSESTIENFLCRSACVYFTEYK
NSGAKRYAEWVLTPRQAAQLRRKLEFFTYVRFDLELTFVITSTQQPSTTQNQDAQILTHQIMYVP
PGGPVPDKVDSYVWQTSTNPSVFWTEGNAPPRMSIPFLSIGNAYSNFYDGWSEFSRNGVYGINTL
NNMGTLYARHVNAGSTGPIKSTIRIYFKPKHVKAWIPRPPRLCQYEKAKNVNFRPSGVTTTRQSI
TTMTNTGAFGQQSGAVYVGNYRVVNRHLATSADWQNCVWESYNRDLLVSTTTTHGCDIIARCQCT
TGVYFCASKNKHYPISFEGPGLVEVQESEYYPRRYQSHVLLAAGFSEPGDCGGILRCEHGVIGIV
TMGGEGVVGFADIRDLLWLEDDAMEQGVKDYVEQLGNALGSGFTNQICEQVNLLKESLVGQDSIL
EKSLKALVKIISALVIVVRNHDDLITVTATLALIGCTSSPWRWLKQKVSQYYGIPMAERQNNSWL
KKFTEMTNACKGMEWIAVKIQKFIEWLKVKILPEVREKHEFLNRLKQLPLLESQIATIEQSAPSQ
SDQEQLFSNVQYFAHYCRKYAPLYAAEAKRVFSLEKKMSNYIQFKSKCRIEPVCLLLHGSPGAGK
SVATNLIGRSLAEKLNSSVYSLPPDPDHFDGYKQQAVVIMDDLCQNPDGKDVSLFCQMVSSVDFV
PPMAALEEKGILFTSPFVLASTNAGSINAPTVSDSRALARRFHFDMNIEVISMYSQNGKINMPMS
VKTCDDECCPVNFKKCCPLVCGKAIQFIDRRTQVRYSLDMLVTEMFREYNHRHSVGTTLEALFQG
PPVYREIKISVAPETPPPPAIADLLKSVDSEAVREYCKEKGWLVPEINSTLQIEKHVSRAFICLQ
ALTTFVSVAGIIYIIYKLFAGFQGAYTGVPNQKPRVPTLRQAKVQGPAFEFAVAMMKRNSSRVKT
EYGEFTMLGIYDRWAVLPRHAKPGPTILMNDQEVGVLDAKELVDKDGTNLELTLLKLNRNEKFRD
IRGFLAKEEVEVNEAVLAINTSKFPNMYIPVGQVTEYGFLNLGGTPTKRMLMYNFPTRAGQCGGV
LMSTGKVLGIHVGGNGHQGFSAALLKHYFNDEQGEIEFIESSKDAGFPVINTPSKTKLEPSVFHQ
VFEGNKEPAVLRSGDPRLKANFEEAIFSKYIGNVNTHVDEYMLEAVDHYAGQLATLDISTEPMKL
EDAVYGTEGLEALDLTTSAGYPYVALGIKKRDILSKKTKDLTKLKECMDKYGLNLPMVTYVKDEL
RSIEKVAKGKSRLIEASSLNDSVAMRQTFGNLYKTFHLNPGVVTGSAVGCDPDLFWSKIPVMLDG
HLIAFDYSGYDASLSPVWFACLKMLLEKLGYTHKETNYIDYLCNSHHLYRDKHYFVRGGMPSGCS
GTSIFNSMINNIIIRTLMLKVYKGIDLDQFRMIAYGDDVIASYPWPIDASLLAEAGKGYGLIMTP
ADKGECFNEVTWTNVTFLKRYFRADEQYPFLVHPVMPMKDIHESIRWTKDPKNTQDHVRSLCLLA
WHNGEHEYEEFIRKIRSVPVGRCLTLPAFSTLRRKWLDSF 
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Poliovirus protein coat sequence 
 
MGAQVSSQKVGAHENSNRAYGGSTINYTTINYYRDSASNAASKQDFSQDPSKFTEPIKDVLIKTA
PMLNSPNIEACGYSDRVLQLTLGNSTITTQEAANSVVAYGRWPEYLRDSEANPVDQPTEPDVAAC
RFYTLDTVSWTKESRGWWWKLPDALRDMGLFGQNMYYHYLGRSGYTVHVQCNASKFHQGALGVFA
VPEMCLAGDSNTTTMHTSYQNANPGEKGGTFTGTFTPDNNQTSPARRFCPVDYLLGNGTLLGNAF
VFPHQIINLRTNNCATLVLPYVNSLSIDSMVKHNNWGIAILPLAPLNFASESSPEIPITLTIAPM
CCEFNGLRNITLPRLQGLPVMNTPGSNQYLTADNFQSPCALPEFDVTPPIDIPGEVKNMMELAEI
DTMIPFDLSATKKNTMEMYRVRLSDKPHTDDPILCLSLSPASDPRLSHTMLGEILNYYTHWAGSL
KFTFLFCGFMMATGKLLVSYAPPGADPPKKRKEAMLGTHVIWDIGLQSSCTMVVPWISNTTYRQT
IDDSFTEGGYISVFYQTRIVVPLSTPREMDILGFVSACNDFSVRLLRDTTHIEQKALAQGLGQML
ESMIDNTVRETVGAATSRDALPNTEASGPTHSKEIPALTAVETGATNPLVPSDTVQTRHVVQHRS
RSESSIESFFARGACVTIMTVDNPASTTNKDKLFAVWKITYKDTVQLRRKLEFFTYSRFDMELTF
VVTANFTETNNGHALNQVYQIMYVPPGAPVPEKWDDYTWQTSSNPSIFYTYGTAPARISVPYVGI
SNAYSHFYDGFSKVPLKDQSAALGDSLYGAASLNDFGILAVRVVNDHNPTKVTSKIRVYLKPKHI
RVWCPRPPRAVAYYGPGVDYKDGTLTPLSTKDLTTYGFGHQNKAVYTAGYKICNYHLATQDDLQN
AVNVMWSRDLLVTESRAQGTDSIARCNCNAGVYYCESRRKYYPVSFVGPTFQYMEANNYYPARYQ
SHMLIGHGFASPGDCGGILRCHHGVIGIITAGGEGLVAFSDIRDLYAYEEEAMEQGITNYIESLG
AAFGSGFTQQISDKITELTNMVTSTITEKLLKNLIKIISSLVIITRNYEDTTTVLATLALLGCDA
SPWQWLRKKACDVLEIPYVIKQGDSWLKKFTEACNAAKGLEWVSNKISKFIDWLKEKIIPQARDK
LEFVTKLRQLEMLENQISTIHQSCPSQEHQEILFNNVRWLSIQSKRFAPLYAVEAKRIQKLEHTI
NNYIQFKSKHRIEPVCLLVHGSPGTGKSVATNLIARAIAERENTSTYSLPPDPSHFDGYKQQGVV
IMDDLNQNPDGADMKLFCQMVSTVEFIPPMASLEEKGILFTSNYVLASTNSSRISPPTVAHSDAL
ARRFAFDMDIQVMNEYSRDGKLNMAMATEMCKNCHQPANFKRCCPLVCGKAIQLMDKSSRVRYSI
DQITTMIINERNRRSNIGNCMEALFQGPLQYKDLKIDIKTSPPPECINDLLQAVDSQEVRDYCEK
KGWIVNITSQVQTERNINRAMTILQAVTTFAAVAGVVYVMYKLFAGHQGAYTGLPNKKPNVPTIR
TAKVQGPGFDYAVAMAKRNIVTATTSKGEFTMLGVHDNVAILPTHASPGESIVIDGKEVEILDAK
ALEDQAGTNLEITIITLKRNEKFRDIRPHIPTQITETNDGVLIVNTSKYPNMYVPVGAVTEQGYL
NLGGRQTARTLMYNFPTRAGQCGGVITCTGKVIGMHVGGNGSHGFAAALKRSYFTQSQGEIQWMR
PSKEVGYPIINAPSKTKLEPSAFHYVFEGVKEPAVLTKNDPRLKTDFEEAIFSKYVGNKITEVDE
YMKEAVDHYAGQLMSLDINTEQMCLEDAMYGTDGLEALDLSTSAGYPYVAMGKKKRDILNKQTRD
TKEMQKLLDTYGINLPLVTYVKDELRSKTKVEQGKSRLIEASSLNDSVAMRMAFGNLYAAFHKNP
GVITGSAVGCDPDLFWSKIPVLMEEKLFAFDYTGYDASLSPAWFEALKMVLEKIGFGDRVDYIDY
LNHSHHLYKNKTYCVKGGMPSGCSGTSIFNSMINNLIIRTLLLKTYKGIDLDHLKMIAYGDDVIA
SYPHEVDASLLAQSGKDYGLTMTPADKSATFETVTWENVTFLKRFFRADEKYPFLIHPVMPMKEI
HESIRWTKDPRNTQDHVRSLCLLAWHNGEEEYNKFLAKIRSVPIGRALLLPEYSTLYRRWLDSF 
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Adenovirus incomplete protein coat sequence  
 
MSNGGAAELARLRHLDHCRRFRCFARELTEFIYFELSEEHPQGPAHGVRITIEGGIDSRLHRIF
SQRPVLIERDQGNTTISIYCICNHPGLHESLCCLVCAEFNKNMKAFAVLFVLSLIKTELRPSYG
LPLLQSGLYNTNQIFQKTQTLPPFIQDSNSTLPAPSTTNLPETNKLASHLQHRLSRSLLSANTT
TPKTGGELRGLPTDDPWVVAGFVTLGVVAGGLVLILCYLYTPCCAYLVILCCWFKKWGPYMGAI
LVVLALLSLLGLGSANLNPLDHDPCLDFDPENCTLTFAPDTSRLCGVLIKCGWDCRSVEITHNN
KTWNNTLSTTWEPGVPQWYTVSVRGPDGSIRISNNTFIFSEMCDLAMFMSRQYDLWPPSKENIV
AFSIAYCLVTCIITAIICVCIHLLIVIRPRQSNEEKEKMPMASVTALIIASIVTVAHGQTIVHI
TLGHNHTLVGPPITSEVIWTKLGSVDYFDIICNKTKPIFVICNRQNLTLINVSKIYNGYYYGYD
RSSSQYKNYLVRITQPKLTVPTMTIIKMANKALENFTSPTTPNEKNIPNSMIAIIAAVALGMAL
IIICMLLYACYYKKFQHKQDPLLNFNIMISTTIFIITSLAAVTYGRSHLTVPVGSTCTLQGPQE
GYVTWWRIYDNGGFARPCDQPGTKFSCNGRDLTIINITSNEQGFYYGTNYKNSLDYNIIVVPAT
TSAPRKSTFSSSSAKASTIPKTASAMLKLPKIALSNSTAAPNTIPKSTIGIITAVVVGLMIIFL
CIMYYACCYRKHEQKGDALLNFDIMILFQSNTTTSYAYTNIQPKYAMQLEITILIVIGILILSV
ILYFIFCRQIPNVHRNSKRRPIYSPMISRPHMALNEIMIPRNFFFTILICPFNVCATFTAVATA
SPDCIGPFASYALFAFVTCICVCSIVCLVINFFQLVDWIFVRIAYLRHHPEYRNQNVAALLRLI
MQAMLPVILILLLPCIPLASTATRATPEQLRKCKFQQPWSFLDCYHEKSDFPTYWIVIVGIINI
LSCTFFSITIYPTFNFGWNSPNALGYPQEPDEHIPLQHIQQPLALVQYENEPQPSLPPAISYFN
LTGGDDMTDPIATSSTAAKELLDMDGRASEQRLIQLRIRQQQERAVKELRDAIGIHQCKKGIFC
LVKQSKISYEITATDHRLSYELGPQRQKFTCMVGINPIVITQQSGDTKGCIQCSCDSTECIYTL
LKTLCGLRDLLPMN 
 
 
REFERENCE= National Center for Biotechnology Information (NCBI) 
(2004) Index of Viruses. [Online] available: 
http://www.ncbi.nlm.nih.gov/ICTVdb/Ictv/index.htm (accessed 
30/11/2004). 
 
AMINO ACID CODE 
The one-letter and three-letter abbreviation codes for amino acids for example, used in 
Swiss-Prot are those adopted by the commission on Biochemical Nomenclature of the 
IUPAC-IUB and are as follows: 
One-letter code  Three-letter code  Amino-acid name 
A  Ala    Alanine 
R  Arg    Arginine 
N  Asn    Asparagine 
D  Asp    Aspartic acid 
C  Cys    Cysteine 
Q  Gln    Glutamine 
E  Glu    Glutamic acid 
G  Gly    Glycine 
H  His    Histidine 
I  Ile    Isoleucine 
L  Leu    Leucine 
K  Lys    Lysine 
M  Met    Methionine  
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One-letter code  Three-letter code  Amino-acid name 
F  Phe    Phenylalanine 
P  Pro    Proline 
S  Ser    Serine 
T  Thr    Threonine 
W  Trp    Tryptophan 
Y  Tyr    Tyrosine 
V  Val    Valine 
B  Asx    Aspartic acid or Asparagine 
Z  Glx    Glutamic acid or Glutamine 
X  Xaa    Any amino acid 
 
 
SUBSTITUTIONS 
A substitution is more likely to occur between amino acids with similar biochemical 
properties. For example the hydrophobic amino acids Isoleucine (I) and valine (V) are more 
likely to substitute for one another than the hydrophilic amino acid cystine would with one of 
these. Amino acids come in the following types. 
 
Type of Amino 
Acid 
Properties  Amino 
Acids 
Amino acids with 
aliphatic 
hydrophobic side 
chains 
The hydrophobic side chains of these amino acids will 
not form hydrogen bonds or ionic bonds with other 
groups. These hydrophobic amino acids tend to be 
buried in the centre of proteins away from the 
surrounding aqueous environment. 
Ala, Val, 
Leu, lle, 
Met, Pro, 
Phe, Trp. 
Amino acids with 
uncharged but 
polar side chains 
The side chains of these amino acids are uncharged at 
physiological pH.  
Ser, Tyr, 
Asp, Gln, 
Cys. 
Amino acids with 
acidic side chains 
These have a carboxylic acid group in their side chain 
and are very hydrophilic. 
Asp, Glu. 
Amino acids with 
basic side chains 
The positive charge on these side chains makes them 
hydrophilic and they are likely to be found at the 
protein surface 
Lys, Arg, 
His. 
Neutral side chain  The single hydrogen atom side chain has no strong 
hydrophobic or hydrophilic properties. 
Gly 
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7.4 Appendix 4: 16S rRNA Gene Sequences of Four Selected 
Autochthonous Groundwater Bacteria 
 
Isolate 3A 16S rRNA gene sequence 
>3A 
tgagttttgaatcctggctcagattgaacgctggcggcatggccttcacaacatgcaagt 
cgaacggtaacgcggggcaacctggcgacgagtggcgaacgggttgagtaaagcatcgga 
acgtgcccagtagtgggggatagcccggcgaaagccggattaataccgcatacgacctac 
gggtgaaagggggggatcgcaagacctctcgctattggagcggccgatgtcagattaggt 
tgttggtggggtaaaggcctaccaagccgacgatctgtagctggtctgagaggacgacca 
gccacactgggactgagacacggcccagactcctacgggaggcagcagtgggggaatttt 
tgggacccaatggggcgcaaaagcctgaattccaggcccatgccggcgtgccgggaagaa 
gggcccttccggggttgtaaaccggcttttgtccaagggaagaaattctttctgaagttt 
aataccttcggggaggatgaacggtaccctgaagaataaagcacccgggctaacttacgt 
gccagcagccgcgggtaatacgtagggtgcgagcgttaatccggaattactgggcgtaaa 
agcgtgcgccaggcggttatgcaagacagatgtgaaattccccgggctcaacctgggaac 
tgcatttgtgactgcatagctggagtgcggcagaagggggatggaaattccgcgtgtagc 
agtgaaatgcgtagatatgcggaggaacaccgatggcgaaggcaattcccctgggcctgc 
actgacgctcatgcacgaaagcgtggggagcaaacaggattagataccctggtagtccac 
gccctaaacgatgtcaactggttgttggggaaggttccttctcagtaacgtagctaacgc 
gtgaagttgaccgcctggggagtacggccgcaaggttgaaactccaaaggaattgacggg 
gacccgccacaagcggtggatgatgtggtttaattcgatgcaacgcgaaaaaccttacct 
acccttgacatgcctggaatcccgcagagatgtgggagtgctcgaaagagagccgggaca 
caggtgctgcatggccgtcgtcagctcgtgtcgtgagatgttgggttaagtcccgcaacg 
agcgcaacccttgtcattagttgctacgaaagggcactctaatgagactgccggtgacaa 
accggaggaaggtggggatgacgtcaggtcctcatggcccttatgggtagggctacacac 
gtcatacaatggccggtacagagggctgccaacccgcgagggggagctaatcccagaaaa 
ccggtcgtagtccggatcgcagtctgcaactcgactgcgtgaagtcggaatcgctagtaa 
tcgcggatcagcttgccgcggtgaatacgttcccgggtcttgtacacaccgcccgtcaca 
aaagtgggagcgggttctgccagaagtagttagcctaaccgcaaggagggcgatacccgc 
cgt  
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Isolate 4B 16S rRNA gene equence 
>4B 
ttggaaaataacttacccggttccactttgagttttggatctggctcagagtgaacgctg 
gcggcaggcctaactcatttgccaagtcgagcggcaagcgcggggggcaacccttggcga 
gcgagcggccggaccgggcctgagtggagatgcattcggaactctaaccctgtcgttggg 
ggaatagacgtacggaaaacttacgctaataccgcataccggaccgagaaggtgaaagtg 
ggggaccgcaaggcctcacgcggattggatgagccgatgccggattagctagttggtggg 
gtaaaggcccaccaaggcgacgatccgtagctggtctgagaggatgatcagccacactgg 
gactgagacacggcccagactcctacgggaggcagcagtggggaatattggacaatgggc 
gcaagcctgatccagccatgccgcgtgtgtgaagaaggccttcgggttgtaaaggcaact 
tttgttcgggaagaaaaccagttcggttaataccctgggctgaatgaccggtaccgaaag 
aataagcaccggctaacttcgtgccagcagccgcggtaatacgaagggtgcaagcgttac 
tcggaatcactgggcgtaaagcgtgcgtaggcggttggttaagtctgctgtgaaagccct 
gggctcaacctgggaactgcagtggatactggcctggctagagtgtgatagaggatggtg 
gaattcccggtgtagcggtgaaatgcgtagagatcgggaggaacaccagtggcgaaggcg 
gccatctggatcaacactgacgctgaggcacgaaagcgtggggagcaaaccagggattag 
ataccctggtagtccacgccctaaaccgatgcggaactggacgtttggttgcaacttggc 
aattcagtgtcgaagctaacgccgttaaagttcgccgccctggggaagtacggtcgcaag 
actgaaactcaaaggaattgacgggggccccgcacaagcggtggaagtatgtggtttaat 
ttcgatgcaaccgcgaaaaaacctttacctgggccttgacatcccagtgaaacttttccc 
agaagatggaattgggtgcccttccgggaacactgagacaggtgctgcatggctgtcgtc 
agctcgtgtcgtgagatgttgggttaagtcccgcaacgagcgcaacccttgtccttagtt 
gccagcacgtaatggtgggaactctaaggagactgccggtgacaaaccggaggaaggtgg 
ggatgacgtcaagtcatcatggcccttacggccagggctacacacgtactacaatggtcg 
gtacagagggttgcgaagccgcgaggtgaagccaatcccagaaaaccgatcccagtccgg 
atcggagtctgcaactcgactccgtgaagtcggaatcgctagtaatcgcggatcagcaat 
gccgcggtgaatacgttcccgggccttgtacacaccgcccgtcacaaacgtgggagttgg 
ttgctccagaagtaggtagtctaaccgcaaggggacgctaccccgagtgc  
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Isolate 9G 16S rRNA gene sequence 
>9G 
ttgagttttggaatcctggctcagaacgaacgctggcggcagcgcttaacacatgcaagt 
ccgagcgccccgcaaggggagcggcagaacgggtgagtaaacgcgtgggaattctaccct 
tttcctacggaaataacgcagggaaaacttggtgctaataccgtatacgccctttcgggg 
gaaagatttatcgggaaaggattgagcccgcgttggattagctagttggtggggtaaagg 
cctaccaaggcgacgatccatagctggtctgagaggatgatcagccacattgggactgag 
acacggccccaaactccctacgggaggcagcagtggggaatattggacaatgggcgcaag 
cctgatccagccatgccgcgtgaagtgatgaaggccctagggttgtaaagctcttttcac 
ccggtgaagataatgaccggtaaccggagaagaagccccgtgctaacttcgtgccagcag 
ccgcggtaatacgaagggggctagcgttgttcggaatttacctggggcgtaaaagcgcac 
gtagggcggacattttaagtcagggggtgaaattcccggggcctcaaccccgggaactgc 
cctttgatacttgggtgtctagagtatggaagaggtgagtggaaattccgagtgtagaag 
gtgaaaattcgtagatattcggaggaacaccagtggcgaaggcggctcactggtccatta 
ctgacgctgaggtgcgaaagcgtggggagcaaacaggattagataccctgggtagtccac 
gccgtaaacgatgaatgttagccgtcgggcagtttaactgttcggtggcgcagctaacgc 
attaaacatttccgccttggaggcagtacggtcgcaagattaaaactcaaaggaattgac 
gggggcccgcacaagcggtggagcatgtggtttaattcgaagcaacgcgcaaaaccttac 
cagccccttgacatcccgatcgcggattacggaaacgtttttccttcaatttcggctgga 
tcggaaaacaggtgctgcatggctgtcctccagctcctgtcctgaaatgttgggtttaag 
tcccgcaacgagcgcaaccctcgcccttagttgccagcatttagttgggcactctaaggg 
gactgccggtgataagccgagaggaaggtggggatgacgtcaagtcctcatggcccttac 
gggctgggctacacacgtgctacaatggtggtgacagtgggcagcgagaccgcgaggtcg 
agctaatctccaaaagccatctcagttcggattgcactctgcaactcgagtgcatgaagt 
tggaatcgctagtaatcgcagatcagcatgctgcgagggaatacgttcccgggccttgta 
cacaccgcccgtcatcaaaaggggagttggttctacccgaaggtagtgcgctaaccgcaa 
ggaggcagcaaccacgtggtag 
 
 
Isolate 1G 16S rRNA partial gene sequence 
>1G 
cttaatcatgcaaggtcgaggggcagcacgtttattaccatttgattaggcgtgcgcaca 
ccgcgcaccactttgatgcgagcacactacacacccctcttttctgtgaaataggggata 
tcccctataaatgtgtatttttaccccgcaatatatcggggtgtggtctcactgtgtttt 
tattttctccaatactcgatatgggtgcgcctgttattatatatttgggggtgaaagcgc 
cccccagctctcctctcaatctgatatgtgagaatgtgctcacccacacgggctctgaca 
cacggcccactcccctacgaggggccactatagagtattttgctctgtgcacacgtctct 
cgcccacctgtgccgtgtagaataagagtgctctctgaattgaactcctcttatataggg 
cgaaaaaaggtgtttctctatctctcttgactaccctctatgtataaaccccgtatatct 
ccgtcacaacacgcgctaatacacagagggcgcacgctttctcgatactctgtgttttaa 
aagggcgcatacgcgtatatgaaactcagatgaaatcttgtggatcttctccccaaatct 
gcctgagactctctctctcgaaaataggggagatgagcgcaatatatctcgtgtcgcgga 
gatgtgtatatatgtcatataacacctcttgtgcaagcggctttctccacctctattttc 
actcagacacacaaacgtgtgggatctcaaacgagattgataccctgggggaccccaccc 
tctacaatgtttctcccgtgtctgataaacaccataagcctcagtgctaacacacacgtg 
tagaggcacagcccgaaaagccataaagaggctggcgaccggcaaacgggtgcggaacac 
gtacacaaccttccttgaatagggggatagcccatagaaatgtggattaataccccgtaa 
tatagcggtgtggcatcacactgttattatagtttcgacgattcgagatgggtgtgcggc 
tgattaggtagttggcggggtaaaggcccaccaagccttcgatcagtagctgatgtgaga 
gcatgatcagccacacgggcactgagacacgggcccgactcctacgggaggcagcagtaa 
ggaatattggtcaatggacgcaagtatgaaccagccatgccgcgtgaaggatgaaggtcc 
tctaaattgtaaacttcttttatagggggcgaaaaaaggtttttctaaatcccctgaccg 
tacccagatagcc  
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The Fate of Enteric Pathogens in Artificial Recharge 
Schemes 
K. Wall*
, **, S. Toze*, G. O’Hara** 
*CSIRO Land and Water, Perth, Western Australia. 
**Murdoch University, Perth, Western Australia. 
Abstract The use of artificial recharge of groundwater for water reclamation is becoming an 
important option for Australia in the face of ever growing pressures on existing water supplies. 
One of the concerns involved with artificial recharge using reclaimed waters is the potential 
for the introduction of microbial pathogens into groundwater. There are a number of enteric 
pathogens that could be potentially present in reclaimed waters. Particular concern is the 
potential presence of viruses due to their high infectivity and low dose requirements for 
infection and their relative environmental stability. Any potential water borne disease outbreak 
needs to be avoided to allay any loss of public confidence and support for water reclamation. 
Laboratory and field studies on the survival of the enteric viruses poliovirus type 1, 
coxsackievirus b3 and adenovirus, the bacterial pathogen Salmonella typhimurium and the 
indicator microorganisms Escherichia coli and MS2 in groundwater have shown an important 
relationship between the presence of indigenous groundwater microorganisms and the 
survival of the microbial pathogens. In the presence of indigenous groundwater 
microorganisms, these pathogens and indicator organisms have shown a greatly reduced 
survival time in groundwater. Studies into the conditions and mechanisms behind this 
observed effect indicated that the presence of indigenous microorganisms was the major 
influencing factor. Further, they indicate that indigenous groundwater microorganisms may be 
producing compounds (possibly enzymes or other proteins) responsible for the reduced 
survival. Studies have indicated that these compounds were produced by a small percentage 
of indigenous groundwater microorganisms and they may also be virus- or pathogen- type 
specific. Knowledge of the microorganisms responsible for the production of “compounds” 
that result in the reduced survival of pathogens in groundwater and the resultant reduced 
survival times could allow for the safer use of reclaimed waters by storage in groundwater 
aquifers.  
Keywords Enteric pathogens, artificial recharge, water reclamation, indigenous groundwater 
microorganisms, pathogen decay.  
 
Introduction  
Artificial recharge of groundwater for water reclamation is becoming increasingly important 
in areas where water supplies are of concern. Australia is a dry continent, and with finite 
rainfall and an ever-increasing urban population, water reclamation is an option that is 
gaining attention. Cities such as Perth, Western Australia are facing extreme pressure on 
existing surface and groundwater supplies and more efficient and sustainable use of water is 
needed. Artificial recharge of groundwater is one such method towards achieving 
sustainability. 
One of the concerns involved with water reclamation is the potential presence of enteric 
pathogens (Asano and Levine, 1996). Of particular concern is the presence of enteric viruses  
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because of their high infectivity and the low dose required for infection. Viruses can also be 
relatively stable in the environment and may be resistant to some water treatment methods 
(Asano and Levine, 1996). Any potential disease outbreak that could be attributed to 
reclaimed waters would result in a loss of public confidence and acceptance and may 
substantially retard the progress of water reclamation in Australia.   
Laboratory and field studies have consistently shown an important relationship between 
the presence of indigenous groundwater microorganisms and reduced pathogen survival 
(Wall, 2001; Gordon, 2001; Yates et al., 1990; Jansons et al., 1989; Hendel et al., 2001; 
Walter et al., 1995; Kutz and Gerba, 1988; Keswick and Gerba, 1980; Hurst, 1988; Ward et 
al., 1986; Cliver and Herrmann, 1972; O’Brien and Newman, 1977). Recent studies into the 
mechanisms behind this observed effect have suggested the production of compounds by a 
small percentage of indigenous groundwater microorganisms that exhibit virucidal and 
bactericidal action. Previous studies have also suggests the presence of compounds that may 
be responsible for the loss of viral numbers, but have focused on laboratory studies (Cliver 
and Herrmann, 1972; Ward et al., 1986) or on soil (Nasser et al., 2002). These results are of 
great important for the reclamation of water for artificial recharge as the removal of potential 
pathogens is a major issue. This paper addresses the decay of microbial pathogens in 
groundwater under both laboratory and field conditions to give a more accurate 
representation of what may really be happening in the environment. This study also 
examines the interaction between indigenous groundwater microorganisms on a closer level 
to gain more understanding of the mechanisms behind the reduction in pathogen survival.   
Pathogen Survival Studies 
Enteric Viruses 
Poliovirus type 1, coxsackievirus b3 and adenovirus survival was tested in ‘nonsterile’ 
groundwater (containing indigenous groundwater microorganisms) and filter sterilised 
groundwater, in which the indigenous groundwater microorganisms had been removed by 
filtering groundwater through a 0.2 micron filter. Figure 1 shows the survival curves of the 
three viruses under laboratory and field conditions (Toze and Hanna, 2002). Virus numbers 
remained relatively stable in the filtered samples under both laboratory and field conditions. 
In the presence of indigenous groundwater microorganisms, survival times were greatly 
reduced. 
Previous studies on the survival of poliovirus type 1, coxsackievirus b3 and adenovirus 
have all shown a similar trend. In the presence of indigenous groundwater microorganisms, 
these viruses show a greatly reduced survival time when compared to filtered groundwater 
where the groundwater microorganisms have been removed. Results are consistent with 
previous studies that have alluded to this interaction and it is evident in both laboratory and 
field experiments (Gordon et al., 2002; Toze and Hanna, 2002).  
Bacteria and Indicator Organisms 
Studies on the survival of the bacterial pathogen Salmonella typhimurium, and the indicator 
organisms  Escherichia coli  and bacteriophage MS2 have also shown the same trend of 
reduced survival in the presence of indigenous groundwater microorganisms. Experiments 
were carried out as with the enteric viruses. Figure 2 shows the survival curves of the three 
organisms in distilled water, reclaimed water (treated sewage effluent) and groundwater. As   188 
 
with the enteric viruses, survival times were greatly reduced in the presence of indigenous 
groundwater microorganisms. 
Figure 1. Laboratory and field survival curves of poliovirus, coxsackievirus and adenovirus in, 
: non-filtered groundwater and : filtered groundwater.  
 
 
 
 
 
 
 
 
Figure 2. Survival curves of E. coli, S. typhimurium and MS2 in : deionised water, : 
filtered injectant, ∆: filtered groundwater, : non-filtered groundwater, and : non-filtered 
injectant. 
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Mechanisms of Reduced Pathogen Survival 
Isolation of Indigenous Groundwater Microorganisms 
Indigenous groundwater microorganisms were isolated and characterised from groundwater 
on the Swan Coastal Plain, Western Australia. Groundwater was sourced from two wells at 
Halls Head, one comprising native groundwater, the other dominated by groundwater 
infiltrated with reclaimed water, and one bore on site at CSIRO Floreat Park comprising of 
native groundwater. Initial investigations isolated 63 aerobic bacteria from all three water 
samples. All but one was gram negative and 87% were rod shaped. Several Pseudomonas-
like and Aeromonas-like bacteria were isolated.  
All 63 isolates were individually tested against poliovirus type 1, coxsackievirus b3, 
adenovirus and E. coli (results not shown). Most isolates (73%) showed little to no influence 
on the survival times of the organisms tested. The remaining groundwater isolates (27%)  
indicated an ability to reduce pathogen survival time. The isolates also showed varying 
degrees of influence across the pathogens tested. 
Separation Chamber Experiments 
Having identified which of the isolates were responsible for the observed reduction in 
pathogen survival time by indigenous groundwater microorganisms, further exploration into 
the causative factors were undertaken. Separation chambers were used to separate microbial 
pathogens and indigenous groundwater microorganisms. This was used to determine whether 
any compounds were produced that could pass through an approximate 250 000 molecular 
weight cut-off membrane. Chambers containing filtered groundwater were used as negative 
controls and were expected to show little, to no significant pathogen decay. All chambers 
were monitored for bacterial growth by inoculating 20µL of sample into 180µL of nutrient 
broth, this was also used to ensure filtered chambers remained sterile. Figure 3 shows the 
survival times of poliovirus and coxsackievirus when in direct contact and when separated 
from indigenous groundwater microorganisms. Poliovirus showed a similar reduction in 
survival when in contact, and separated from indigenous groundwater microorganisms. 
Coxsackievirus however only showed significant decay when in direct contact with 
indigenous groundwater microorganisms, as decay when separated from indigenous 
groundwater microorganisms was not significantly different to the decay shown in the 
negative control.  
Several isolates that showed an influence on the survival times of the pathogens were then 
tested using the separation chambers against poliovirus type 1 and adenovirus.  Figure 4 
shows the survival curves of poliovirus and adenovirus when in contact with, and when 
separated from three unidentified indigenous groundwater bacteria. As with decay in the 
presence of a mixed culture of indigenous groundwater microorganisms (non-sterile 
groundwater), the effect is varied for different viruses.  Isolate 1 appeared to have a different 
effect on poliovirus and adenovirus as contact was required for the reduced survival of 
poliovirus. Isolate 2 and 3 showed similar results for the two viruses, with reduced survival 
without direct contact with isolate 2, and contact required with isolate 3 for a reduction in 
survival.  
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Figure 3. Survival curves of poliovirus and coxsackievirus when in, : direct contact with 
indigenous groundwater microorganisms, : indirect contact with indigenous groundwater 
microorganisms and, : filtered groundwater. 
Figure 4.  Survival curves of adenovirus and poliovirus when in, : direct contact with 
indigenous groundwater isolates, : indirect contact with indigenous groundwater isolates 
and, : filtered groundwater. 
0 5 10 15 20 25 30
10
1
10
2
10
3
10
4
10
5
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
10
8
0 5 10 15 20 25 30
10
2
10
3
10
4
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
0 5 10 15 20 25 30
10
1
10
2
10
3
10
4
Sample Time (days)
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
Sample Time (days)
0 5 10 15 20 25
10
4
10
5
10
6
10
7
10
8
(a)
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
Sample Time (days)
0 5 10 15 20 25
10
5
10
6
10
7
10
8
(b)
Sample Time (days)
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
0 5 10 15 20 25 30
10
1
10
2
10
3
10
4
10
5
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
10
8
0 5 10 15 20 25 30
10
2
10
3
10
4
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
0 5 10 15 20 25 30
10
1
10
2
10
3
10
4
Sample Time (days)
M
e
a
n
 
C
o
p
y
 
N
u
m
b
e
r
0 5 10 15 20 25 30
10
4
10
5
10
6
10
7
Sample Time (days)
Poliovirus  Coxsackievirus  Poliovirus 
Adenovirus-isolate 1 
Adenovirus-isolate 2 
Adenovirus-isolate 3 
Poliovirus-isolate 1 
Poliovirus-isolate 2 
Poliovirus-isolate 3  
  191 
Discussion 
It is clear by these and previously published results that the presence of indigenous 
groundwater microorganisms are indeed an important influence on the survival of enteric 
viruses, bacteria and indicator organisms. In fact, results indicate that the presence of 
indigenous groundwater microorganisms significantly reduced pathogen survival time. When 
the groundwater microorganisms were removed, the enteric virus numbers remained 
relatively stable. Bacterial pathogens and indicator organisms also showed prolonged 
survival times in filtered samples. These results have important implications for the safe 
reuse of water by storage in aquifers as they indicate that the risk of waterborne disease 
outbreak would be greatly minimised due to the action of indigenous groundwater 
microorganisms.  
Of the enteric viruses tested, adenovirus appears to be the most persistent, showing 
greater survival times in the presence of indigenous groundwater microorganisms when 
compared to poliovirus and coxsackievirus. Adenovirus is an important waterborne pathogen 
and is second only to rotavirus as a cause of childhood gastroenteritis, however adenovirus 
pathogenicity and occurrence in the environment has not been as well studied (Crabtree et 
al., 1997). Lee and Kim (2002) suggested that adenovirus may be responsible for many 
undocumented waterborne disease outbreaks and many serotype exist.  
It has long been known that virus decay is greater in  the presence of other 
microorganisms, but the mechanisms by which this occurs is not well studied. Cliver and 
Herrmann (1972) investigated the decay of both poliovirus type 1 and coxsackievirus A9, A7 
and B1. Viral decay was monitored in bacterial cultures and decay was found to be a result 
of proteolytic bacteria, most notably, Pseudomonas aeruginosa. Bacillus subtilis was also 
shown to have virucidal activity. Ward et al. (1986) also investigated the decay of poliovirus 
and coxsackievirus, and also echovirus and rotavirus in fresh water. Decay was investigated 
in filtered and non-filtered water and it was also found that any treatment that removed or 
inactivated microorganisms resulted in loss of virucidal activity. Nobel and Fuhrman (1997) 
have also suggested that extracellular enzymes produced by marine microbes had an 
important role in viral decay. Results in this study using separation chambers also point to 
the production of compounds responsible for the reduced survival of enteric viruses, 
bacterial  pathogens and indicator organisms. Studies of the decay of poliovirus and 
coxsackievirus in nonsterile groundwater have indicated the production of virucidal 
compounds, as poliovirus showed decay when separated from the indigenous groundwater 
microorganisms contained in the nonsterile groundwater. Coxsackievirus required direct 
contact with the nonsterile groundwater to achieve significant decay. These results suggest 
the production of numerous virucidal compounds that may be virus type specific, of varying 
sizes, some of which may be larger than 250 000 molecular weight, or closely associated 
with the indigenous groundwater microorganisms.  
A small percentage of indigenous groundwater microorganisms were found to reduce the 
survival times of poliovirus, coxsackievirus, E. coli, and adenovirus, however the influence 
varied amongst the organisms examined. Several of the active groundwater isolates were 
found to be Pseudomonas-like, as suggested by Cliver and Herrmann (1972). Survival of 
poliovirus and adenovirus in the presence of several active groundwater isolates was 
investigated using separation chambers and results backed up the assumption that there may 
be a number of compounds produced by the small percentage of active indigenous 
groundwater microorganisms, as the influence of these compounds varied with the pathogens 
tested and not one isolate showed the same influence on all organisms. All three isolates in 
figure 4 showed evidence of pathogen decay when in direct contact. There was also some   192 
 
evidence of the production of a compound or compounds by isolate 2 able to pass through 
the 250 000 molecular weight cut-off filter, resulting in reduced survival of both poliovirus 
and adenovirus when separated from the groundwater isolate. Isolate 1 may also be 
producing a compound that was able to pass through the membrane, which affected 
adenovirus, but not poliovirus. 
The results of this and previous studies provide important information for the safe 
reclamation of water as the potential health issues associated  with the reuse of treated 
effluent may be overcome. If the indigenous groundwater microorganisms could be 
characterised and extracellular or membrane associated compounds could be isolated and 
purified, they could be used to lower the public health risk associated with water reclamation 
This combined with an increase understanding of the survival mechanisms of pathogens in 
groundwater could be used to develop safe retention times for treated effluent in the aquifer 
in order to ensure water could be safely reclaimed once it had been ‘cleaned up’ by the 
indigenous groundwater microorganisms. The conditions under which pathogen decay is 
greatest could be used to select or manipulate the hydrogeological conditions in order to 
maximise decay. Artificial recharge could be carried out in groundwater utilising all the 
conditions that give the greatest in situ decay of pathogens, allowing reclaimed waters to be 
used safely without expensive tertiary treatment to remove pathogenic microbes. Storage of 
reclaimed waters in suitable aquifers does not only improve the quality of water in terms of 
health due to natural processes within the groundwater, but can also provide low cost means 
of storing precious water supplies for reuse in periods of  high demand, such as in summer 
and in drought conditions. 
Conclusions  
The potential introduction of microbial pathogens, especially enteric viruses, into 
groundwater is a major issue involved with the reclamation of water by artificial recharge. 
The presence of indigenous groundwater microorganisms were required for the reduced 
survival times of the enteroviruses poliovirus type 1, coxsackievirus b3 and adenovirus. The 
presence of indigenous groundwater microorganisms also resulted in the reduced survival of 
the bacterial pathogen Salmonella typhimurium, the bacterial indicator Escherichia coli, and 
the bacteriophage MS2. 
A small proportion of isolated indigenous groundwater microorganisms (27%) showed 
virucidal/bactericidal activity against the enteroviruses poliovirus type 1, coxsackievirus b3 
and adenovirus, and the bacterial indicator E. coli. Results pointed towards virus/bacterial 
type specificity, as the influence of active groundwater isolates on pathogen and indicator 
survival varied. 
Studies into the mechanisms of the reduced survival of enteric viruses indicated the 
production of virucidal compounds able to pass through a 250 000 molecular weight cut- off 
membrane filter. Results also indicated the production of more than one compound and 
possible virus type specificity as the influence on the closely related enteroviruses poliovirus 
type 1 and coxsackievirus b3 was different. Results of screening individual active 
groundwater isolates further explained the mechanisms of virus decay.  
Further investigations are needed and are being carried out to determine the exact nature 
of the “compounds” that appear to be responsible for the reduction in pathogen survival in 
groundwater. 
Understanding the mechanisms behind the observed reduction in survival times of 
microbial pathogens in groundwater may help to ensure the safer reuse of treated effluent for 
water reclamation. Safe retention times could be developed for storage of reclaimed water in  
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groundwater to ensure that numbers of any potential microbial pathogens would have been 
sufficiently reduced prior to reuse.  
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Abstract 
Aquifer Storage and Recovery (ASR) is a method of water storage and reuse, and also a method of 
water quality improvement. Reclaimed water, recharged to aquifers can be extracted with a higher 
level of water quality due to the action of indigenous groundwater microbes. It has been shown that 
interactions between indigenous groundwater microbes and  enteric viruses have enhanced viral 
decay in groundwater. Investigations of this interaction have shown a small percentage of 
groundwater bacteria may be responsible for this observed influence. Each isolated bacterium 
impacted the decay of poliovirus type 1, Coxsackievirus B3 and adenovirus B41. Viral decay rates 
varied between the groundwater bacteria, and also between the different viruses. When indigenous 
groundwater bacteria were present as a whole groundwater microcosm, viral decay rates were 
observed to be faster than occurred with the individual groundwater isolates. Investigations of the 
mechanisms of decay for each active bacteria and the interaction of all active bacteria as a whole 
microcosm will give insight into what is happening in situ during ASR. Results may be useful for 
risk prediction for water reclamation to determine required residence times of reclaimed waters in the 
aquifer to ensure that there is no public health risk once the water is recovered from storage.  
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INTRODUCTION 
With water supplies under pressure throughout the world, aquifer storage and recovery (ASR) 
presents a viable water reuse method. The health aspects of water reuse have been identified as an 
issue of concern, in particular the potential presence of enteric viruses (Asano and Levine, 1996). 
ASR has been shown not only to be a low cost method of water storage, but also a method of water 
treatment (Dillon et al., in press). A number of studies into viral decay in groundwater have 
demonstrated the importance of the indigenous groundwater microorganisms (Gordon and Toze, 
2003; Toze and Hanna, 2002; Jansons et al., 1989; Yates et al., 1985; Keswick and Gerba, 1980). It is 
recognised that viral decay in water is greater in the presence of other microorganisms, however, the 
mechanisms by which this occurs are still not well understood. It is still not clear whether viral decay 
by indigenous microorganisms is a result of direct predation, the production of virucidal compounds 
or other unknown activities. The aim of this study was to determine the influence of individual 
groundwater bacteria as compared to the groundwater microcosm as a whole. Results may give 
insight into viral decay in situ during ASR.   
 
 
METHODS 
Groundwater Source and Collection  
Groundwater was obtained from bores located in the superficial aquifer on the Swan Coastal Plain, 
Perth, Western Australia. One bore was located at the CSIRO Laboratory in Floreat Perth while the  
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other two bores were located at the Halls Head wastewater treatment plant in Mandurah, a small 
holiday township 70 km South of Perth. The bore at the CSIRO Laboratory and one of the bores at the 
Halls Head WWTP were used to source unimpacted native groundwater, while the second Halls Head 
WWTP bore was used to source recharged treated effluent (Toze et al., 2004).  The bore was purged 
by pumping for 30 minutes using a submersible pump to prevent the collection of stagnant water prior 
to the collection  of aerobic groundwater samples. Groundwater was collected into sterile 1 L 
borosilicate glass bottles and immediately stored on ice until processed.  
 
Indigenous Groundwater Bacteria Isolation 
Duplicate spread plates were done using 100µL of fresh groundwater from CSIRO, Halls Head 
production bore and Halls Head background bore onto R2A (Oxoid) and GSP (Merck) media. Plates 
were incubated aerobically at 28˚C from 1 to 7 days depending on growth. Plates were checked at 24 
hours, 4 and 7 days for the growth of representative bacterial colonies. Colonies with a variety of 
morphologies were selected and subcultured onto R2A and GSP media. Plates were incubated 
aerobically at 28˚C for 24 hours, or until growth was achieved. Subcultures were re-streaked at least 
twice to obtain pure isolates. All isolates were preliminarily characterised using  colony and cell 
morphology, Gram-stain reaction, and oxidase and catalase reactions. Pure cultures were frozen in 
duplicate at –80˚C in a mixture of 20% glycerol and nutrient broth. 
 
Viruses  
Poliovirus type 1, Coxsackievirus B3 and Adenovirus B41 were initially cultured in cell lines 
(African Green Monkey Kidney cells) by the Pathology Centre, WA. The viruses were then harvested 
from the lawns and frozen as a crude cell extract at -80 
oC until needed. The number of infective viral 
particles in the viral suspensions had been determined by the Pathology Centre using the MPN 
method in fresh cell culture lawns. The titre for each virus was determined to be 10
8 pfu ml
-1 for 
poliovirus, 10
9 pfu ml
-1 for coxsackievirus and 10
7 pfu.mL
-1 for adenovirus. Before use in the survival 
experiments, the crude viral suspensions were cleaned and resuspended in sterile groundwater to the 
approximate concentration of the original crude suspension using the methods outlined in Gordon and 
Toze (2003). 
 
Characterisation of Bacterial Isolate Activity Versus Groundwater Microcosm 
A one tenth strength R2A broth was inoculated with selected groundwater isolates in sterile 
polypropylene tubes and incubated aerobically at 28°C for 24 hours. A 9.0mL aliquot of inoculated 
broth was then further inoculated with 500 µL of poliovirus, coxsackievirus or adenovirus. Viral 
decay by groundwater microcosms was investigated by inoculating 500 µL virus into 9.5 mL non-
sterile groundwater. Tubes were then incubated aerobically at 28°C and samples were taken at time 0 
and day 35. Samples were stored at -80°C until nucleic acid extraction and further analysis was 
carried out.   
 
Negative controls and blanks were also carried out following the same procedure by inoculating 
viruses into sterile, one tenth strength R2A broth and groundwater. Presence of groundwater bacteria 
or sterility of un-inoculated broth or groundwater was monitored on each sampling occasion by 
inoculating 20µL of sample in 180µL nutrient broth and incubated at 28°C for 24 hours.   
 
Virus Quantification  
Changes in viral numbers were determined using quantitative RT-PCR or PCR. Viral RNA/DNA was 
extracted from 150 µL of each collected samples using the Viral Nucleic Acid Extraction Kit 
(Borhinger-Mannien) using supplied instructions. All extracted nucleic acid samples were stored at –
80˚C until analysed by RT-PCR or PCR. 
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Quantitative RT-PCR and PCR reactions were run on a Biorad iCycler, using the Titan™ RT-PCR 
Enzyme System (Roche Diagnostics) and quantified using the methodology as detailed by Gordon 
and Toze (2003). Primers used for poliovirus and coxsackievirus were the  Ent-up and Ent-down 
primers (Abbaszadegan et al.,  1993) while adenovirus was detected using the primers HexAA 1885 
and HexAA 1913 (Allard et al., 1992; Allard et al., 1990). 
 
The detection limit for viruses using Reverse Transcriptase Polymerase Chain Reaction (RT-PCR), or 
PCR, was determined by making serial 10-fold dilutions of extracted viral RNA/DNA and 
determining the lowest detectable dilution.  The lowest detectable dilution was 10
-6 for both poliovirus 
and coxsackievirus and 10
-4 for adenovirus, which equated to a detection limit of approximately 10 or 
less viral RNA/DNA molecules per PCR reaction (based on original MPN titre). 
 
Determination of Decay Rates 
The viral copy numbers determined at each time interval were plotted as a semi-logarithmic function. 
A 1 log10 removal time T90 was determined from each plot using equation (1)  
 
      Decay Rate (T90) = t / log10 (ct/c0) (days)                      
(1) 
Where T90 = number of days to a 1 log removal, t = incubation time, Ct = the final copy number at 
day t, C0 = the copy number at day 0 (Toze and Hanna, 2002). 
 
 
RESULTS 
Of all indigenous groundwater bacteria isolated, 27 % showed the ability to reduced mean viral copy 
numbers of the enteroviruses poliovirus type 1 and Coxsackievirus B3 over time. The top ten isolates 
were also tested against adenovirus B41. Decay rates were similar between poliovirus and adenovirus, 
whereas decay rates varied for coxsackievirus (Table 1). The decay of poliovirus, coxsackievirus and 
adenovirus over time in groundwater and in the presence of two indigenous groundwater isolates can 
be seen in Figure 1, with corresponding mean decay rates in Table 2. Characterisation of the two 
groundwater isolates tested found that they were both Gram-negative bacilli and were oxidase and 
catalase positive indicating that they could be initially characterised as being Pseudomonas-like 
bacteria.  
 
Table1. T90 decay times for top ten groundwater isolates on enteric viruses. 
Groundwater 
Isolate 
T90 decay times (days) 
Poliovirus  Coxsackievirus  Adenovirus 
1  17.9  62.1  27.1 
2  13.9  26.1  16.2 
3  38.1  3.91  no decay 
4  70.7  19.1  27.5 
5  59.2  24.9  no decay 
6  no decay  49.2  17.7 
7  no decay  4.5  101.6 
8  9.4  10.4  4.7 
9  62.0  88.0  190.7 
10  97.0  88.9  76.6 
Poliovirus showed a large decay in non-sterile groundwater with a 1 log10 removal time of 11 days. 
Isolate 1 and isolate 2 also caused large T90 decay time of 17.9 and 13.9 days respectively. Poliovirus 
was relatively stable in the negative control with a decay time of 469.4 days.  
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Figure 1. Decay of poliovirus, coxsackievirus and adenovirus over 35 days in  ■: groundwater, ▲: 
1:10 R2A with isolate 1,  ●: 1:10 R2A with isolate 2, and +: double filter sterilised groundwater 
(negative control). 
 
Coxsackievirus had a similar trend of decay time in the non-sterile groundwater with a T90 time of 
9.3 days. For the individual groundwater isolates, coxsackievirus had a slower decay time of 62.1 
days in the presence of Isolate 1 than in the presence of Isolate 2 (26.1 days). Coxsackievirus 
remained stable in the negative control with a decay rate of 1159.9 days. Adenovirus showed a similar 
decay time in the presence of non-sterile groundwater and in the presence of both isolate 1 and 2 with 
decay times of 35.4, 27.1 and 16.2 days respectively. Adenovirus remained relatively stable in the 
negative control with a decay time of 228.2 days. 
 
Table 2. T90 decay rates (days) of poliovirus, coxsackievirus and adenovirus over a 35 day period in 
the presence of non-sterile groundwater, isolate 1, isolate 2 and sterile 1/10 strength R2A (negative 
control). 
  Poliovirus  Coxsackievirus  Adenovirus 
 
Groundwater   11  9.3  354 
Isolate 1  17.9  62.1  27.1 
Isolate 2  13.9  26.1  16.2 
Negative Control  469.4  1159.9  228.2 
 
 
DISCUSSION 
The aim of this study was to determine the impact of individual and groups of groundwater 
microorganisms on the decay of enteric viruses. In addition, variations that may exists amongst 
individuals in a microbial population as compared to the complete groundwater microcosm was 
determined. The isolation of a range of indigenous groundwater bacteria and testing each individually 
could give insight into the dynamics involved in viral decay in groundwater during aquifer storage 
and recovery (ASR).   
 
It has long been known that virus decay in ground and surface water is greater in the presence of other 
microorganisms, but the mechanisms by which this occurs is not well studied. Cliver and Herrmann 
(1972) investigated the decay of both poliovirus type 1 and coxsackievirus A9, A7 and B1. Viral   198 
 
decay was monitored in bacterial cultures and decay was found to be a result of proteolytic bacteria, 
most notably, Pseudomonas aeruginosa. Bacillus subtilis was also shown to have virucidal activity. 
Ward et al. (1986) also investigated the decay of poliovirus and coxsackievirus, and also echovirus 
and rotavirus in filtered and non-filtered riverine and lake water. It was also found that any treatment 
that removed or inactivated microorganisms resulted in loss of virucidal activity. Nobel and Fuhrman 
(1997) have also suggested that extracellular enzymes produced by marine microbes had an important 
role in viral decay. Studies of the decay of poliovirus and coxsackievirus in groundwater have 
indicated the production of virucidal compounds, as poliovirus showed decay when separated from 
the indigenous groundwater microorganisms contained in groundwater (Wall et  al., 2004). 
Coxsackievirus required direct contact with groundwater to achieve significant decay. These results 
suggest the production of numerous virucidal compounds that may be virus type specific, of varying 
sizes, some of which may be larger than 250 000 molecular weight, or closely associated with the 
indigenous groundwater microorganisms. 
 
Of the aerobic bacteria isolated in the current study, 27 % exhibited an ability to reduce the mean 
copy number of poliovirus and coxsackievirus over time when compared to the degradation observed 
in the sterile control. The top ten bacteria were then tested against adenovirus and results were similar 
to the influence on poliovirus. T90 decay rates of the top ten bacteria varied from as little as 4 days for 
a 90 % reduction in mean copy number through to no decay (a positive T90). As poliovirus and 
coxsackievirus are very closely related as opposed to adenovirus, it would be expected that the 
influence of active bacteria would be similar against poliovirus and coxsackievirus, but this was not 
observed to be the case. The results obtained for coxsackievirus were quite different from those for 
poliovirus and adenovirus.   
 
Survival of poliovirus, coxsackievirus and adenovirus in the presence of two active groundwater 
isolates was investigated and compared to decay in non-sterile groundwater. The results obtained 
supported the hypothesis that there may be a number of compounds produced by a small number of 
active indigenous groundwater microorganisms as the influence of the different isolates varied with 
the pathogens tested. In addition none of the isolates had the same influence on all three enteric 
viruses. These influences also seem to act together to result in a much greater decay of the viruses 
when groundwater microorganisms were present as a total microbial population in non-sterile 
groundwater. A greater variation and reduction in decay times were obtained for the three viruses 
when in the presence of the individual bacteria compared to the decay times obtained in the presence 
of the non-sterile groundwater. This suggests that the influence of the active groundwater 
microorganisms may be working in conjunction when combined in a groundwater microcosm.  
 
 
CONCLUSIONS 
Indigenous groundwater bacteria are important in the decay of enteric viruses in groundwater with a 
large loss of viral copy numbers in non-sterile groundwater containing indigenous bacteria. Not all 
indigenous groundwater bacteria had the potential to influence in the decay of viral copy numbers. 
The 27 % of indigenous groundwater bacteria that showed potential for viral decay varied in their 
influence. Decay times for the three viruses varied amongst the groundwater isolates and also between 
the viruses. This suggest the presence of different decay factors, such as protease enzymes, that may 
work in conjunction to produce the consistently large decay times observed for the viruses in the 
presence of the entire groundwater microcosm.  
 
These results presented provide important information regarding the fate of enteric viruses during 
aquifer storage and recovery (ASR). As viral decay is not the result of one individual groundwater 
bacterium, significant virus decay during ASR can be expected even if there are changes in  
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indigenous groundwater bacterial population structure. This means that reclaimed water recharged to 
an aquifer via ASR can be expected to have a greatly reduced health risk after sufficient storage time. 
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Abstract 
Microbial pathogens are the most immediate health risk associated with water reuse including managed 
aquifer recharge. Research has shown that microbial pathogens do decay in groundwater and that the activity 
of indigenous groundwater microorganisms is the factor having the largest influence on the decay of bacterial 
and viral pathogens. How the activity of the groundwater microorganisms is unclear. This paper provides 
details on research that shows that up groundwater bacteria are able to produce antiviral compounds that can 
pass across a permeable membrane and that up to 25% of isolated groundwater microorganisms are able to 
enhance the degradation of enteric viruses. The antiviral effects produced by these groundwater bacterial are 
heat labile and influenced by enzyme inhibitors. 
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INTRODUCTION 
With global freshwater supplies under pressure, water reuse is being examined to assist in improving water sustainability. 
Municipal effluent is an ideal source for water reclamation as it is consistent in quality and quantity. The health aspects of 
water reuse have been identified as an issue of concern, in particular the potential presence of enteric viruses. Managed 
Aquifer Recharge (MAR) is a method that can aid water reclamation by recharging water such as treated effluent into a 
suitable aquifer. Research into the removal of pathogenic contaminants by natural processes within aquifers, namely the 
action of autochthonous bacteria, has led to the consideration that MAR could be used to assist in the removal of microbial 
pathogens. Pathogens have been demonstrated to be removed during residence in groundwater, but the presence of active 
autochthonous groundwater bacteria are required for significant removal rates to occur.  
 
The potential for the contamination of groundwater by enteric viruses is a concern that increasingly requires management. 
Other activities involving groundwater such as water reclamation and managed aquifer recharge schemes have also become 
more prominent which require careful management to prevent groundwater contamination (Dillon et al., 1999). Enteric 
viruses have been shown to have a greater resistance to decay in groundwater than other microbes such as faecal coliforms 
(Gordon et al., 2002; Nasser and Oman, 1999; Toze and Hanna, 2002). MAR has been demonstrated to be able to remove 
or reduce contaminants in groundwater (Dillon and Toze, 2005).  
 
A number of studies into viral decay in groundwater have alluded to the importance of the autochthonous groundwater 
microorganisms (Jansons et al., 1989; Keswick and Gerba, 1980; Toze and Hanna, 2002; Yates et al., 1985). It has been 
shown that viral decay is greater in the presence of other microorganisms (Gordon and Toze, 2003), however, the 
mechanisms by which this occurs are still not well understood. It remains unclear whether the principal mode of action by 
autochthonous microorganisms on viral decay is a result of direct predation, the production of virucidal compounds or 
other unknown activities. If the mechanisms by which groundwater microorganisms cause the decay of enteric viruses 
could be determined, the risk from these viruses as a contamination source in groundwater as well as for activities such as 
managed aquifer recharge may be able to be better managed.  
 
The aim of this study was to examine how groundwater microorganisms can influence viral decay by determining whether 
or not direct contact was required between viruses and groundwater microorganisms for decay to occur, and what the 
characteristics of the antiviral activity might be. 
 
METHODS AND MATERIALS 
 
Groundwater Source and Collection  
Groundwater was obtained from a bore located in a shallow (~10 m) unconfined, karstic limestone aquifer on the Swan 
Coastal Plain, Perth, Western Australia. The bore was purged by pumping for 30 minutes using a submersible pump to  
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prevent the collection of stagnant water prior to the collection of groundwater samples. Groundwater was collected into 
sterile 1 L borosilicate glass bottles and immediately stored on ice until processed. 
 
Viruses  
The antiviral activity of the groundwater microorganisms was tested on the RNA viruses poliovirus and coxsackievirus and 
the DNA virus adenovirus. Viral stocks were cultured and processed as previously described in Gordon and Toze (2003).   
 
Determination of Antiviral Activity in Contact and Non-Contact with Groundwater Microorganisms 
Separation chambers (Figure 1) were used to separate either poliovirus or coxsackievirus and indigenous groundwater 
microorganisms as described in Dillon and Toze (2005). The chambers were set up with a 250 000 molecular weight cut-
off membrane (PALL) dividing the two halves of the chamber. One side of the chambers were filled with filtered or non-
filtered groundwater (either presence or absence of groundwater microorganisms) and seeded with a known amount of 
virus. The other side of the chambers were filled with either filtered or non-filtered groundwater (Table 1). Filtered 
groundwater was prepared by twice passing portions of collected groundwater through sterile 0.2 µm syringe filters into 
sterile containers.  Thus the groundwater microorganisms were either in direct contact with the virus (ie, non-filtered 
groundwater containing groundwater microorganisms was added to both sides of the chamber) or indirect contact (ie, 
filtered groundwater was added to the chamber side seeded with the virus and the other side of the membrane was filled 
with non-filtered groundwater). A negative control was used where filtered groundwater (ie, no groundwater 
microorganisms present) was used to fill both sides of the chamber. The chambers were sampled weekly to determine the 
number of detectable viruses present and for the continuing presence or absence of active groundwater bacteria. 
Figure 1: Plan of separation chamber 
 
Table 1. Conditions tested in separation chambers 
Contact conditions tested  Side A  Side B 
Direct contact  Non-filtered groundwater  Non-filtered groundwater + virus 
Indirect contact  Non-filtered groundwater  Filtered groundwater + virus 
Negative control  Filtered groundwater  Filtered groundwater + virus 
 
Isolation of Groundwater Microorganisms 
Duplicate R2A agar spread plates were using 100 µL of freshly collected groundwater. Inoculated plates were incubated 
aerobically at 28˚C from 1 to 7 days depending on growth. Plates were checked at 24 hours, 4 and 7 days. Plates were then 
stored at 4˚C until sampled. One hundred colonies were selected from spread plates and subcultured onto both R2A and 
GSP agar and given a number from 1 to 10 and a letter from A to J as a culture identity. The selection of colonies was 
based firstly on colony morphology in order to select isolates of different species, and secondly by selecting random 
colonies to make a total of 100. Duplicate isolates were discounted resulting in a total of 63 isolates with different 
characteristics. Plates were incubated aerobically at 28˚C for 24 hours, or until growth was achieved. Isolates were re-
streaked at least twice on R2A to ensure the purity of the isolates. Pure cultures were stored frozen in duplicate at –80˚C in 
nutrient broth with 20 % glycerol. 
 
Screening of Groundwater Isolates for Viral Degradation 
All of the groundwater bacterial strains isolated from the groundwater samples were initially screened for antiviral activity 
against coxsackievirus and poliovirus. Those groundwater bacterial isolates that showed the greatest activity against these 
two viruses were then also tested against adenovirus. Antiviral activity was tested by mixing the groundwater isolate with 
one of the viruses in filtered groundwater. The groundwater had been filter sterilised twice through sterile disposable 0.2 
µm syringe filters. A 9.5 mL volume of the double filter sterilised groundwater was then added to a 15 mL polypropylene 
tube.  Each tube of filtered groundwater was then inoculated with a groundwater isolate using a 10 µL inoculation loop and 
incubated aerobically at 28˚C for 24 hours. After incubation, 500  µL of poliovirus, coxsackievirus, or adenovirus was 
added to the tube. A negative control for each groundwater source was also carried out by adding each virus to a tube of 
double filter sterilised groundwater which had not been inoculated with any of the groundwater isolates. The tubes 
inoculated with the viruses were then mixed and a 1 mL sample taken immediately (time 0 sample). Tubes were then 
sampled at day 28. Collected samples were stored at –80˚C until RNA extractions were undertaken. The presence of viable 
bacteria was monitored by inoculating 20 µL of sample into 180 µL of nutrient broth in a microtitré tray. Trays were 
incubated at 28˚C for 24 hours and then examined for the presence of bacterial cell growth. 
Side A 
Locking bolts 
Side B 
Silicon seal  
0.025 µm filter 
Silicon O-ring 
Void (12mL) 
Sampling port   202 
 
 
Investigation of Groundwater Microorganisms Antiviral Activity 
The four groundwater bacterial isolates that had the greatest activity against the three viruses were then tested to determine 
the nature of the antiviral activity. To achieve this, five treatments were carried out following by the following procedure. 
 
 The treatments were as follows: 
13.  untreated inoculum 
14.  filtered (0.8/0.2 μm) inoculum 
15.  filtered (0.8/0.2 μm) then heated at 60°C for 10 min 
16.  inoculum + RNase inhibitor  
17.  inoculum + Protease inhibitor 
 
The inoculum was prepared by suspending one colony of a bacterial isolate in a 1:10 diluted R2A broth and incubating the 
inoculated broth at 28°C for 24 hours with shaking. A 100 μL volume was then inoculated into 100 mL of R2A broth 
diluted 1:10 and incubated for approximately 3 hours to reach a cell density of approximately 10
6 cfu mL
-1 (determined 
previously by growth curves for each isolate). A negative control was established for each treatment where the viruses were 
suspended in 1:10 diluted R2A broth, which had not been inoculated with any groundwater isolates, but were treated in the 
same manner as the broths inoculated with the groundwater isolates.  
 
A 1mL volume of this bacterial suspension was then treated as described above and brought to a total volume of 10 mL 
using 1:10 R2A broth. One of the three viruses was then added to this treated suspension and incubated aerobically then 
sampled at time 0 and at day 35. On each sampling occasion a 1mL sample was taken and analysed for detectable viral 
numbers using quantitative PCR or RT-PCR. The presence or absence of active bacterial cells was tested by inoculating 
180 µL of nutrient broth with 20µL of the collected sample.  
 
Viral Nucleic Acid Extraction 
Viral RNA or DNA was extracted from experimental samples using a NucleoSpin® RNA and Virus Purification kit 
(Clontech) using the method described by the manufacturer. All extracted nucleic acid samples were stored at -80°C to 
prevent degradation. The extracted viral nucleic acid was stored, frozen at -80 
oC until analysed by quantitative PCR or 
RT-PCR. 
 
PCR/RT-PCR for Enumeration of Viral Pathogens 
Quantitative PCR/RT-PCR reactions and post reaction quantitation was undertaken using the methods previously described 
by Gordon and Toze (2003) using an iCycler Real time PCR system (Bio-Rad). Poliovirus and Coxsackievirus numbers 
were determined using the Titan RT-PCR Enzyme System (Roche Diagnostics) and the Ent-Up and Ent-Down primers 
(Abbaszadegan et al., 1993). Adenovirus numbers were determined using iQ Supermix enzyme system (Bio-Rad) and the 
HexAA 1885 and HexAA 1913 primers  (Allard et al., 1992; Allard et al., 1990). The DNA gel stain SybrGreen 1 
(Molecular Probes) was used as a DNA specific fluorophore to track real-time results for all PCR and RT-PCR reactions 
and a passive dye (fluorescein) (BioRad) was used as a background dye. 
 
Determination of Viral Decay Rates 
The time for a 1log10 loss (T90) of each of the viruses under all of the conditions tested was determined as previously 
described by Wall et al. (2006). 
 
RESULTS AND DISCUSSION 
 
Separation Chambers 
Figure 2 shows the survival times of poliovirus and coxsackievirus when in direct contact, when separated from 
autochthonous groundwater microorganisms by a size excluding membrane and when groundwater microorganisms had 
been removed completely from both sides of the chamber (filtered groundwater). Poliovirus showed a similar reduction in 
survival when in contact, and separated from autochthonous groundwater microorganisms. Coxsackievirus however only 
showed significant decay when in direct contact with autochthonous groundwater microorganisms, as decay when 
separated from autochthonous groundwater microorganisms was not significantly different to the decay shown in the 
negative control.  
 
Despite their genetic similarity the different decay patterns for poliovirus and coxsackievirus indicated that the antiviral 
activity of the groundwater microorganisms was different for each of these viruses. The fact that poliovirus decayed when 
separated from the groundwater microorganisms by an excluding membrane indicated that the antiviral activity was cell 
free and released by the groundwater microorganisms into the water surrounding them. The antiviral activity was produced 
in sufficient quantity that it could diffuse across the membrane and increase the decay of the poliovirus particles. In 
contrast, increased decay of coxsackievirus only occurred when the viral particles were in close association with the 
groundwater microorganisms. This suggests that either the groundwater microorganism antiviral activity against 
coxsackievirus was either cell bound or not produced in sufficient quantity to cross the excluding membrane.  
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Figure 2. Decay of poliovirus and coxsackievirus in separation chambers when in  direct contact with groundwater 
microorganisms;    indirect contact with groundwater microorganisms; and   in chambers with no groundwater 
microorganisms present. 
 
Isolation of Groundwater Bacterial Isolates Capable of Increasing the Decay of Viruses in Groundwater. 
A total of 63 aerobic or facultative anaerobic bacteria were isolated from the groundwater samples. All were found to be 
Gram negative rods apart from one isolate, a Gram positive rod that showed feathery colony growth. All isolates were 
catalase positive, 47 (74) % were oxidase positive and 23 (37%) of the isolates were able to ferment glucose. On testing, 
27% of the isolates were able to increase the decay of poliovirus and coxsackievirus. The ten isolates that showed the 
greatest influence on coxsackievirus and poliovirus were also tested on adenovirus. The influence of these ten isolates on 
adenovirus was observed to be very similar to the increased decay of poliovirus caused by these isolates. 
 
Characteristics of Antiviral Agents Produced by Four Groundwater Isolates. 
The outcomes of the effect of the different treatments on the ability of the four selected groundwater isolates to increase the 
rate of decay of the three viruses is given in Table 2. 
  
In the positive control where the broth had not been treated, all four of the groundwater isolates showed an ability to 
increase the reduction of poliovirus, coxsackievirus and adenovirus numbers compared to the negative control with T90 
values ranging from 14 days to 62.1 days.  The removal of the bacterial cells from the diluted medium by filtration prior to 
inoculation with poliovirus, coxsackievirus and adenovirus had varying influence on overall viral decay, with the filtrate 
from different isolates influencing the decay of different viruses. For example, the filtrate from Isolate 3A increased the 
decay of coxsackievirus and adenovirus but not poliovirus compared to the negative control. In contrast the filtrate from 
Isolate 1G increased the decay of coxsackievirus only while the filtrate from Isolate 9G increased the decay of adenovirus 
and poliovirus but not coxsackievirus. This suggests that the four isolates produce an antiviral activity that is different from 
each other and that the individual antiviral activity produced by the isolates have different effects on the three viruses 
tested.  
 
The effect of heating the filtrate prior to seeding with the viruses prevented the decay of all of the viruses (compared to the 
negative control) except for the influence of Isolate 9G on poliovirus and Isolate 3A on Adenovirus.  In all cases, apart 
from the influence of Isolate of 4B on poliovirus, heating significantly decreased the decay of the viruses when compared 
to the T90 values obtained for the positive controls and filter treated samples. The influence of heating in significantly 
reducing the decay of the three viruses indicates that the antiviral activities of the four isolates were heat labile. 
 
The like with the filtration and heating treatments, the addition of enzyme inhibitors to the broths caused a different effect 
for each of the viruses. There was little difference, however, of the antiviral activity of each groundwater isolate on one 
virus. For example, the addition of RNase inhibitor significantly reduced the decay of coxsackievirus (T90 times from 125 
days to >500 days) but had minimal influence in the decay of poliovirus, which had decay times (T90 times of 45 – 80 days) 
that were comparable to the samples that had been treated by filtration. Note that RNase inhibitor was not tested on 
adenovirus as it is a DNA virus and thus should not be affected by the presence of RNase enzymes. In contrast, the addition 
of protease inhibitor significantly reduced the decay of poliovirus and adenovirus but had no effect on the decay of 
coxsackievirus, which had T90 times that were comparable to the times in the positive control. The use of the enzyme 
inhibitors showed that at least part of the antiviral activity of the four groundwater bacterial isolates was enzymatic in 
nature but that there were other factors that were unaffected by the use the presence of the inhibitors for some of the 
viruses. In addition, the use of the enzyme inhibitors reinforces the finding that the antiviral activity produced by 
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groundwater microorganisms is different for different viruses, even those closely related genetically such as poliovirus and 
coxsackievirus. 
 
Table 2: T90 values (days) for treatments against poliovirus, coxsackievirus and adenovirus. 
 
Treatment 
  T90 (days) Values for Virus Decay 
Isolate  Poliovirus  Coxsackievirus  Adenovirus 
No treatment  3A  -18.0  -62.1  -27.1 
4B  -14.0  -26.1  -16.2 
1G  -15.7  -37.8  -27.4 
9G  -19.7  -35.0  -27.0 
neg  -469.4  ND  -228.2 
Filtered  3A  -86.7  -46.9  -39.8 
4B  -245.8  -78.9  ND 
1G  -64.0  -47.4  ND 
9G  -43.9  -324.5  -25.8 
neg  -61.2  -150.5  ND 
Filtered then Heated  3A  -470.7  ND  -57.0 
4B  -88.8  ND  ND 
1G  ND  ND  -397.3 
9G  ND  ND  -261.5 
neg  -481.7  ND  -258.8 
RNase inhibitor  3A  -55.9  -125.0  NA 
4B  -80.9  -468.8  NA 
1G  -71.4  ND  NA 
9G  -59.7  -229.0  NA 
neg  -45.4  ND  NA 
Protease inhibitor   3A  ND  -37.2  -217.1 
4B  ND  -40.4  ND 
1G  ND  -39.2  ND 
9G  ND  -43.0  -70.0 
neg  -87.2  ND  -45.2 
ND = no decay observed or that the T90 was greater than 500 days. 
 
 
CONCLUSIONS 
The results of this study have shown that groundwater microorganisms can produce antiviral activity that can have 
influence on some viruses even when not in the direct presence of the cells of the groundwater microorganisms. The 
antiviral activity tends to be heat labile and part of the activity may be enzymatic in nature although it also appears that 
some of the antiviral activity may not be enzymatic. The results also showed that the antiviral activity was virus specific 
with different decay times observed for coxsackievirus, poliovirus and adenovirus, regardless of the treatment method 
tested. 
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